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ABSTRACT
STUDY OF THE COSMIC RAY 




Neutron multiplicity data have been utilized to 
study the cosmic-ray intensity-time variations. For this 
purpose, the neutron multiplicity spectra have been recorded 
continuously at the Mt. Washington and Durham neutron 
monitors during 1968-69. The recorded data have been cor­
rected for the probable coincidences and dead time losses in 
the neutron multiplicity analyzer and for the atmospheric 
pressure variations. The corrected data have been analyzed 
to study the neutron multiplicity (or equivalently the 
rigidity) dependence of the 11-year variation, Forbush 
decrease variation and the daily variation of the cosmic-ray 
intensity. It has been found that the 11-year variation and 
the Forbush decreases during the period of investigation do 
depend upon the neutron multiplicity but the dependence 
appears to be the same for the two types of cosmic-ray inten­
sity variations. On the other hand similar results obtained 
from the cosmic-ray records of several neutron monitors 
located at different cutoff rigidities and the Pioneer 8 
cosmic-ray telescope that responds to protons of energies 
greater than 60 MeV indicate that the rigidity dependence of
vii
the 11-year variation is slightly larger than that of the 
Forbush decreases considered. This inconsistency has been 
explained in terms of the respective 'differential response 
functions 1. Finally the magnitude and the direction of the 
anisotropy in the cosmic-ray flux as inferred from the 
neutron multiplicity spectrum are found to be practically 
independent of the multiplicity but consistent with the 
results obtained from neutron monitor records.
It is concluded that although the role of the neutron 
multiplicity analyzer in the study of cosmic-ray intensity­
time variations is essentially complementary to the world­





Both the intensity and rigidity spectrum of the 
cosmic radiation arriving at the earth are subject to time 
variations, the largest changes occurring in the low energy 
portion below 50 GeV. Some of these variations are of 
atmospheric origin, but others are due to changing condi­
tions in interplanetary space. The incident cosmic-ray flux 
is modulated by the electromagnetic fields existing in 
interplanetary space so that at energies above about 1 GeV 
a reduced intensity arrives at the earth. Thus, the impor­
tance of investigating the time variations in the energy or 
rigidity spectrum of the primary cosmic radiation is closely 
tied up with the information they may provide about the 
electromagnetic conditions existing in the sun-earth region. 
From a study of these variations some conclusions may be 
drawn regarding the adequacy of various physical models 
proposed to explain such variations.
Cosmic-ray neutron monitors are essentially intensity 
measuring devices and the information on the rigidity 
spectrum is obtained by comparing the neutron intensities re­
corded by several stations located at different geomagnetic 
cutoff rigidities. This method is adequate provided that 
the cutoff rigidity is time independent and is, of course, 
limited to rigidities below the equatorial cutoff rigidity 
of about 15 GV.
1
2It is known [Cocconi et al. (1950) and Geiger (1956)]
that on the average several neutrons are produced by each
<*•interaction of a high energy incident cosmic-ray particle m  
a monitor. The total number of neutrons detected (produced) 
in a particular event is called the detected (produced) 
multiplicity of that event. Hughes et al. (1964) and Shen 
(196 8) have shown that the neutron multiplicity in a cosmic- 
ray neutron monitor depends upon the energy of the inter­
acting particle. On the average incident nucleons with high­
er energy produce events of greater multiplicity. It is thus 
possible [Hughes and Marsden (1966) and Shen (1968)] that the 
dependence of the neutron multiplicity upon the energy of the 
interacting particle might be used to evaluate changes in the 
cosmic-ray rigidity spectrum. This information could be very 
useful in the study of various time dependent phenomena of 
the cosmic radiation. In particular, the neutron multiplic­
ity spectrum data recorded by a single neutron monitor could 
be complementary to that obtainable from the world-wide 
neutron monitor network.
The purpose of this thesis is to investigate the com­
parative usefulness of neutron multiplicity data in the study 
of cosmic-ray modulation. From the beginning it should be 
made clear that the aim is to explore the potential of neutron 
multiplicity analyzer as a device in the study of cosmic-ray 
modulation rather than to discuss the subject of modulation 
per se. For this purpose neutron multiplicity analyzers 
have been designed (Schow, 1966) and operated in conjunction
3with the Mt. Washington and Durham (New Hampshire) cosmic- 
ray neutron monitors to record the neutron multiplicity 
spectra on a continuous basis. The neutron multiplicity 
data, after correcting for the intensity variations of 
atmospheric origin, are used to study the following three 
time dependent phenomena of the cosmic radiation.
(i) "Long Term variations" which are closely anti­
correlated with the general 11-year cycle of 
solar activity (Forbush, 1954).
(ii) "Forbush decreases" which are large and abrupt 
decreases in the cosmic-ray intensity and are 
characterized by a time scale of days or even 
hours (Forbush, 1938).
(iii) "Diurnal Variation" which arises due to the
rotation of the earth through an anisotropy in 
the cosmic-ray flux. The anisotropy is intro­
duced by a net streaming of cosmic rays along 
a direction about 90° West to the earth-sun 
line resulting from a partial corotation of 
the cosmic ray gas with the sun [Parker (1964, 
1967), Axford (1965) and Gleeson (1969)].
The results are compared with those obtained from the cosmic- 
ray records of several neutron monitors located at different 
geomagnetic cutoff rigidities and the Pioneer 8 cosmic-ray 
telescope (Webber, 1969) that responds to protons of energies 
greater than 60 MeV.
4CHAPTER II
MULTIPLICITY EFFECT IN A NEUTRON MONITOR
1. Relationship of the Neutron Multiplicity 
with the Energy of the Interacting Nucleons
Neutron monitors respond principally to high energy 
secondary nucleons produced by the interaction of primary 
cosmic radiation with the earth's atmosphere. These secon­
dary nucleons penetrate deep into the atmosphere and inter­
act with nuclei in the local lead-producer of the neutron 
monitors [either a standard IGY (International Geophysical
Year, Simpson, 1957) or a NM-64 (International Quiet Sun
Year, Hatton and Carmichael, 1964) monitor]. In these 
interactions there are produced a number of low energy 
neutrons which are slowed down by the moderator and then 
detected by BF^ proportional counters. The neutrons not 
detected by the counters are either absorbed in the modera­
tor or lead producer or leak out from the monitor.
It has been observed that there is on the average 
more than one neutron detected for each interaction of an 
incident cosmic ray particle in the monitor. The total 
number of neutrons detected in a particular event is called 
the multiplicity of that event. Consequently, the ratio of the
total number of neutrons detected to the total number of events
occuring in the monitor, for which at least one neutron is 
detected, determines the mean observed multiplicity of the
5neutron monitor. To study the relationship between the 
mean multiplicity and the energy of the incident nucleon 
initiating the event, we will discuss the mechanism of 
multiple production of neutrons in high energy nucleon- 
nucleus interactions.
a. Theory
Serber (1947) for the first time, in order to 
explain the features of the high energy nuclear reactions 
of elementary particles with complex nuclei, proposed that 
interactions of this type occur in two distinct stages. 
Initially the incident nucleon is considered to cascade 
within the nucleus, leaving it in an excited state. This 
is then followed by the evaporation stage in which the 
nucleus loses its excess energy by the isotropic emission 
of lov; energy nucleons in the center of mass system. In 
the initial stage the incident nucleon is supposed to inter­
act with the nucleons in the nucleus as if they were in free 
space except with the modification by the Pauli exclusion 
effects inside the nucleus. If the nucleons are assumed 
to constitute a degenerate Fermi gas inside the nucleus, then 
the collisions with low energy transfer will be discouraged 
as the low energy states are not available on account of 
effects of Pauli exclusion principle. Thus, the collision 
free path of the high energy incident particle inside the 
nucleus increases due to the exclusion effects compared to 
that in collisions with nucleons in free space and as a
6result the number of collisions decreases. As a conse­
quence the energy transfer occurs to fewer particles in 
larger amounts inside the nucleus compared to free space 
and depending upon the energy, these cascade nucleons may 
initiate further cascades in the subsequent interactions 
with other nuclei. This energy transfer to the nucleus 
leaves it in an excited state which in the second stage 
cools down by evaporation of nucleons. Weisskopf (19 37) 
has calculated the emission probabilities of neutrons and 
charged particles by highly excited heavy nuclei based on 
the compound nucleus model of the excited state and statis­
tical thermodynamics. The energy stored in the compound 
nucleus can be compared with the heat energy of a solid or 
liquid and the subsequent emission of particles can be 
thought of as an evaporation process.
Metropolis et al. (1958), implementing the idea of 
the nuclear cascade, have performed detailed theoretical 
calculations by a Monte Carlo technique. They have calcu­
lated the nuclear excitation energy in an energetic proton- 
nucleus interaction for a variety of target elements 
following the interaction of protons in the energy range 
0.1 to 1.8 Gev. As a result of these calculations they 
have found that:
(i) For a given incident energy, the average 
excitation energy increases with the mass number of the 
target nucleus. This is an expected result as a consequence 
of the decreasing probability for the escape of cascade
7nucleons with the increasing size of the nucleus.
(ii) For incident kinetic energies below 350 MeV, 
the average excitation energy increases only slowly with 
the incident particle energy. In this region the nucleon- 
nucleon interaction cross section decreases with increasing 
energy and thus the escape probability for cascade nucleons 
increases. This explains the slow increase in the average 
excitation energy with the incident energy.
(iii) For incident kinetic energies above about 
400 MeV, the average excitation energy increases rather 
rapidly with the incident energy. This can be explained 
on the basis of nucleon-nucleon inelastic scattering, 
accompanied by the production of pions, starting at about 
280 MeV incident kinetic energy in the laboratory. For 
incident kinetic energies above about 400 MeV, the pion 
production cross section rises relatively faster. The 
produced pions will be scattered and reabsorbed by the 
nucleons in the nucleus. In the process of production and 
reabsorption of a pion, a large part of the kinetic energy 
of a single high energy nucleon producing the pion will be 
transferred to at least three other nucleons. Of these 
three one is the partner in the production process and 
the other two nucleons involved in the absorption of the 
pion. Further, due to the high probability for several 
scatterings before the absorption of the pion, the trans­
ferred energy will be shared by more than three nucleons. 
Thus, the pion production and the subsequent pion inter-
8actions act as an efficient mechanism for the transfer 
of kinetic energy of fast nucleons to the excitation 
energy of the residual nucleus.
Dostrovsky et al. (1958) following the Weisskopf 
(1937) model for nuclear de-excitation by evaporation 
have made detailed calculations, by a Monte Carlo technique, 
to obtain the average number of evaporation particles during 
such a process for initial excitation energy ranging from 
100 to 700 MeV. These calculations have been made for 
various types of nuclei as a function of two different 
values of the nuclear level density parameter occuring in 
the Weisskopf model. From the results of these calculations 
it will be seen that for Ta181, the heaviest element studied, 
the number of evaporation neutrons is twice as much as that 
of protons at an initial excitation energy of 600 MeV. With 
decreasing initial excitation energies, the number of neutrons 
evaporated becomes much larger than that of protons. This is 
due to the fact that the emission of charged particles is 
suppressed by the Coulomb barrier of the excited nucleus 
and thus the evaporation particles are largely neutrons.
We will confine our attention to these neutrons only as the 
evaporation charged particles are of no interest to this 
study. Dostrovsky et al. (1958) have also calculated the 
energy spectra of neutrons emitted from Ag109 for initial 
excitation energies of 200 and 700 MeV. Though these energy 
spectra of evaporation neutrons extend up to 30 MeV, or so, 
their average values are 5.4 MeV, and 9.9 MeV respectively.
9From the results of the calculations of Metropolis et al.
(1958) it is seen that for an incident proton kinetic 
energy of 1.8 Gev, the average excitation energy is not 
greater than 500 MeV, even for the Uranium nucleus. From 
these two results it can be concluded that the evaporation 
neutrons are mainly low energy (several MeV) neutrons.
Further, by combining the results of Metropolis et al.
(1958) with those of Dostrovsky et al. (1958), it is 
possible to predict the average number of evaporation 
neutrons as a function of the incident proton energy for 
energies capable of producing average excitation energy 
between 100 to 700 MeV. in a particular nucleus. The 
relationship between the average excitation energy and the 
average number of evaporation neutrons is not very sensi­
tive to the exact values of the evaporation model para­
meters used as is shown by the calculations of Dostrovsky 
et al. (195 8). Thus the predicted number of evaporation 
neutrons as a function of incident proton energy will not 
depend strongly on the details of the evaporation theory 
used.
Shen (196 7) has proposed a model for the nucleon- 
nucleus and pion-nucleus interactions which has been found 
to agree with the experimental observations in the nuclear 
emulsion studies. According to this model the nuclear 
interactions of such type proceed through an intra-nuclear 
cascade mechanism of consecutive single nuclear interactions 
in the low energy region ( < 10 Gev) and "tube like" mechanism
10
[Cocconi, 1954] which essentially is the simultaneous 
interaction of the incident particle with a tube of 
nucleons lying along the collision axis, in the high 
energy region (> 15 Gev). Very recently, based on this 
model a Monte Carlo calculation has been carried out by 
Shen (196 8), taking into account the extra-nuclear cascade 
process in Pb layers of various thicknesses, to obtain 
the average number of evaporation neutrons produced in 
these layers as a function of the incident nucleon 
energy. To take into account the subsequent nuclear inter­
actions, with nuclei in the Pb layer, induced by the 
secondary pions and cascade nucleons, an extra-nuclear 
cascade was considered by assuming a one dimensional 
model in which the pions and cascade nucleons were assumed 
to be moving in the direction of the incident particle.
Such a model was assumed to be valid for Pb thickness up 
to two interaction mean free paths at least and hence 
the average thickness of Pb producer in the standard IGY 
and NM-64 neutron monitors. For these thicknesses very 
few collisions would occur in which the primary and the 
secondary particles were drastically deflected from the 
incident direction. The average number of evaporation 
neutrons (v) calculated on the basis of this one dimen­
sional model was underestimated in general and the 
discrepancy became large with the increasing thickness 
of Pb layer. This occured because of the fact that the
11
angular distribution of the secondary pions and cascade 
nucleons could not be assessed adequately on the basis 
of a one dimensional model. Further it was noted that 
the evaporation neutron energy extended from zero to 
nearly 30 MeV and an appreciable fraction of cascade 
neutrons could also be slowed down to less than 30 MeV 
through a single nuclear collision. As a result it was 
decided to compare all the neutrons produced, evapora­
tion and cascade with energies less than 30 MeV with 
the experimentally determined ones. The results of 
Shen's calculations are reproduced here in Figure 1 which
shows the calculated v, = v + v versus the incidentt c
nucleon energy, produced in a Pb layer of thickness
t = 0.75A [A = interaction mean free path in Pb ^ 160
gm cm 2] appropriate to the average Pb thickness existing
in the standard IGY neutron monitor. v is the meanc
number of neutrons produced from sources other than 
evaporation with energy less than 30 MeV.
b. Experiment
Bercovitch et al. (1960) and Hughes et al. (1964) 
have measured the yield of evaporation neutrons in a Pb 
target bombarded by cosmic ray protons in the energy 
range 0.25 to 0.9 Gev and 0.2 to 200 Gev respectively.
In the measurements of Bercovitch et al. (1960) , 
the protons were selected and their energy measured by a
12
vertical counter telescope. The protons so selected
_ 2
were made to interact in 22 and 44 gm cm thick slabs 
of the Pb target. The neutrons produced were subsequently 
detected in a cubic paraffin moderator containing the BFg 
proportional counters assembly placed below the target 
and the proton selecting telescope unit. The neutrons 
produced in a single interaction were detected in a gate 
of 150 microseconds duration delayed by 5 microseconds 
with respect to the master pulse generated by the inter­
acting proton which activated the gate. The number of 
neutrons recorded per incident proton was converted to 
the mean number of neutrons emitted per interaction using 
the detection efficiency, measured separately as a part 
of the investigation. The dependence of neutron multi­
plicity on incident proton energy so obtained was compared 
with that predicted by the combined theoretical calcula­
tions of Metropolis et ad. (1958) and Dostrovsky et al. 
(1958). In the target thicknesses used in the experimental 
measurements, the secondary neutron production was found 
to be appreciable and it was necessary to take these 
secondary neutrons into account before the results could 
be compared with theoretical predictions. When the experi­
mental results were corrected for the secondary neutrons 
produced, there was found to be an agreement between the 
experimental measurements and the theoretical predictions
13
of the neutron multiplicity dependence on the incident 
proton energy.
The measurements of Hughes et al. (1964) were a 
part of a large investigation in which the neutron detector 
chosen was the standard IGY neutron monitor while the Durham, 
England, Cosmic ray spectrograph [Hayman et al., 1962] was 
used as the proton selector. Along with the protons, a 
small fraction of other charged particles it* and y* was 
also observed in the spectrograph. The sign and the 
momentum of the particle were determined from the photo­
graph of its track in the spectrograph. The events 
recorded were found to correspond to:
(a) Capture of slow negative muons
(b) Proton, pion and muon interactions
(c) Accidental coincidences of random neutrons 
with the incident particles.
Events of type (a) could be separated as the captured 
muons could not produce a flash in the tube array below 
the monitor. A criterion, based upon the number of tracks 
produced in an array of GM tubes below the monitor and 
the scattering of particles in the monitor, was used to 
separate the events due to muon interactions in type (b) 
and the events of type (c). Thus, only the events 
initiated by protons and pions were considered. The pion 
contamination was found to vary from 16.5% for the 
momentum range 7 - 15 Gv to 21% for the highest range,
14
greater than 50 Gv.
The low energy neutrons produced by the inter­
actions of protons and pions in the lead target of the 
monitor were moderated in paraffin and detected by the 
BFg proportional counters. The neutrons were recorded 
in gates of duration of 680 and 230 microseconds in two 
different series of experiments which determined the 
observed multiplicities of the events. The number of 
neutrons produced in the interactions of protons and 
pions was taken to.be the same over the whole range of 
energy studied. At least, at low energies where the 
statistical accuracy of negative pion results was signi­
ficant, there was an agreement between the mean multipli­
cities of neutrons produced by negative pions and protons.
To explain the observed frequency distribution 
for the detected neutron multiplicities, following the 
works of Cocconi et al. (1950) and Geiger (1956), they 
assumed the neutron production spectrum I(E,v) to be an 
exponential function in v at all energies. I(E,v) is 
the probability that an incident particle having kinetic 
energy E will produce v neutrons in an interaction in 
the monitor. I(E,v) is given by
I (E,v) = (ea -1)e-av (1)
where a is a constant and




The average value of this spectrum is
v = E vl(E,v) = (1 - e"a)-1 (3)
v=l
From this spectrum the expected multiplicity distribution 
has been calculated as follows.
The probability of detecting m out of v neutrons 
produced is given by the binomial distribution
B(m,v) ■ (m) (ef)m (l-ef)v m , v^m (4)
where e f is the combined neutron detection and gating
efficiency. The rate of events R of detected multi-m
plicity m is thus given by
Rm = X E B(m,v) I(E,v) (5)
v=m
where X is the rate of interaction in the monitor. The 
evaluation of summation in equation (5) leads to
- (m + 1)
Rm = X (ea-l) (ef)m e“am [1 - (1 - ef) e~a] (6)
Now
E. mR - _ m=l mm = -------
00
Z, R m=l m
and using equation (6) this gives
-1
m = [1 - — £-}-e 5------- ”] (7)
1 - (1 - ef)e”
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Then using equation (3) in equation (7), the relation 
between v and m is given by
v =  +  1 ( 8 )
Using equation (8), the detected mean neutron multiplicities 
m were converted to the produced mean neutron multiplicities 
v . Then the conversion of measured mean momenta of 
incident particles to the kinetic energies together with 
the results of equation (8) determined the dependence of 
v on the incident kinetic energy. The produced mean 
neutron multiplicity as a function of mean kinetic energy 
so obtained by Hughes et al. (1964) is shown in Table I.
They had also compared their results with the theoretical 
prediction of Metropolis et al. (1958) and Dostrovsky et 
al. (1958). At energies 0.5 Gev, there was good agree­
ment between the theoretical predictions and experimental 
observations, but with the increasing energy, the observed 
multiplicities were found to fall increasingly below 
expectation. On the other hand, Shen (1968) has compared 
his theoretical results with the experimental ones of
i
Hughes et al. (1964). The values v = --- obtained by
Shen (1968) from the experimental results of Hughes et al.
(1964) using ef = 2%, are also shown in Figure 1 here.
xn 1Hughes et al. (1964) had obtained v = --- + 1 using
2, I(E,v) = 1 while Shen assumed a different normaliza- 
v=l
” m 1tion, namely £„ I(E,v) = 1 and as a result he got v = —s---
V = 0 £1
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There seems to be good agreement between the theoretical 
prediction of Shen (1968) and the experimental data of 
Hughes et al. (1964) particularly in the energy region 
above about 2 Gev.
From the results of these various theoretical 
and experimental investigations it can be concluded that 
there exists a relationship between the mean multiplicity 
and the incident nucleon energy in a neutron monitor.
In particular the prediction of Shen1s (1968) calcula­
tions revealed that for the average lead thickness 
existing in both the standard IGY and NM-64 neutron 
monitors, the mean multiplicity seemed to increase 
almost monotonically with the incident nucleon energy.
The neutron production spectrum I(E,v) which relates 
the mean produced multiplicity to the incident nucleon 
energy may be used to evaluate the energy response of a 
neutron monitor.
2. Energy Response of a Neutron Monitor
Hughes and Marsden (1966) by considering the 
secondary cosmic radiation in terms of the neutron, 
proton, pion, muon and extensive air showers components 
have calculated the relative rates at which neutrons 
are detected by a neutron monitor in response to a 
particular component. They found that in the standard 
IGY monitor, operated at sea level at Leeds, England,
18
(Vertical cutoff rigidity 2.1 GV) , 81.3 ± 2.4% of the 
detected neutrons can be attributed to neutron inter­
actions, 11.2 ± 1.1% to proton interactions, 6.8 ± 1.2% 
to captured muons and less than 1% to the combined effects 
of muons in flight, pions and various components of 
extensive air showers. These results show that over 90% 
of the neutrons detected by a monitor can be accounted 
for by neutron and proton interactions alone. Thus to 
a good approximation, the energy response of a neutron 
monitor can be considered in terms of the nucleonic 
component of the secondary cosmic radiation alone. Further 
they used the neutron production spectrum I(E,v) =
(ea - 1) e av (equation 1) to predict the distribution 
of neutron multiplicities that are recorded by a neutron 
monitor in response to the nucleonic component of secon­
dary cosmic radiation.
Let Nn (E) be the differential energy spectrum of 
neutrons incident on the monitor and pn (E) the probability 
that a neutron of energy E will interact in the monitor. 
Then the rate of interactions in the monitor due to 
incident neutrons will be given by
X = 7 N (E)P (E)dE (9)n 0 n n
Using equation (9) in equation (5), the contribution to
the rate of detection of events R (n) by the incidentm
neutrons with multiplicity m is given by,
19
R (n) = /N (E)P (E) S I (E,v)B(m,v)dE (10)in 0 n n v—m n
Similarly, the contribution due to proton interactions 
is given by
Rm (P} = ?Np (E)Pp (E) ?=mIp (E,v)B(m,v)dE (11)
P(E) was calculated assuming that the interaction 
cross section of a nucleon with lead is geometrical (1.53 
± 0.8 x 10 24 cm2). At all energies concerned, as already 
pointed out, the neutron production spectrum I(E,v) had been 
assumed to be an exponential function in v given by equation 
(1). Thus, l(E,v) could be evaluated from the measured mean 
multiplicity which determined the exponent of the produced
spectrum. From equations (3) and (8)
/t — “1 m — 1 . i - ,, „.(1 - e ) = — + 1 = v (12)
Thus the measured mean multiplicity determined the expo­
nent a and in turn equation (1) gave I(E,v). The proton 
differential energy spectrum used was that experimentally 
determined, at sea level, by Meshikovski et al. (1958) from 
60 MeV to 390 MeV, Ogilvie (1955) from 200 MeV to 600 MeV, 
Mylroi, et al. (1951) from 180 MeV to 11.1 Gev and Brooke 
and Wolfendale (1964) from 1.2 Gev to 150 Gev. The neutron
differential energy spectrum used was that measured by
Hess et al. (1959) for energies ranging from thermal to 
10 Gev, modified in such a way as to reproduce the observed 
multiplicity spectrum.
Hughes and Marsden (1966) have thus constructed the 
differential energy response curves, of the standard IGY
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neutron monitor, given by the sum of the integrands of 
equations (10) and (11). These differential response 
curves for multiplicities <9 neutrons are shown in 
Figure 2. From these differential response curves it 
was then possible to show how the multiplicity spectrum 
may be built up from nucleon interactions in a number of 
arbitrary energy intervals as shown in Figure 3 repro­
duced from Schow (1966). Finally, they have calculated 
the fraction of each multiplicity rate caused by the 
nucleon interactions in these various energy intervals 
as shown in Figure 4 also reproduced from Schow (1966) . 
Table II contains the median energy corresponding to each 
detected multiplicity and as such summarizes the results 
of the work of Hughes and Marsden (1966).
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CHAPTER III
TIME VARIATIONS IN THE ENERGY 
SPECTRUM OF PRIMARY COSMIC RADIATION
It has been seen in the previous discussion that 
the multiplicity spectrum detected by a neutron monitor 
is related to the incident secondary nucleon energy 
spectrum. Time variations in the energy spectrum of the 
primary cosmic-rays incident at the top of the earth's 
atmosphere cause changes in the secondary spectrum and 
therefore may also introduce changes in the detected 
multiplicity spectrum. Possibly one may, therefore, use 
the information obtained from the neutron multiplicity 
spectrum detected by a monitor to deduce the energy 
changes in the primary cosmic-ray energy spectrum. To 
investigate such a possibility in a more definite way, 
let us consider the relationship of the cosmic-ray flux at 
the surface of the earth to that of primary radiation out­
side the earth's atmosphere. There are two basic factors 
which govern this relationship, namely (1) the geomagnetic 
and (2) the atmospheric effects of cosmic radiation.
1. Geomagnetic Effects
Since the primary cosmic-rays are charged particles, 
the geomagnetic field affects their trajectories. A very 
important aspect of the motion of these charged particles
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in the magnetic field of the earth is the threshold or 
the cutoff rigidity* of the location on the earth. Below 
this rigidity, particles are prevented by the action of 
the field from reaching this location from a given direction. 
Threshold rigidities are high near the equator but reduce 
towards zero at high latitudes and thus the cosmic-ray 
intensity increases at high latitudes. This so called 
"latitude effect" can be exploited to analyze the rigidity 
spectrum of primary cosmic-rays. Thus we are basically 
interested in the knowledge of the actual values of the 
geomagnetic threshold rigidities. This information can 
be obtained from the equations of motion of charged 
particles in the presence of the magnetic field.
If the Lagrangian of a particle is L (qk > t 
then the equations of motion are
<L_ Hi - Hi = o (13)
dt • 3q. K ‘3qk
where q^ and q^ are respectively the generalized coordinates 
and velocities of the particle. If one of the coordinates 
q, , say q. is cyclic, then an integral of the equation of 
motion is
—  = constant (14)
3q.
*The magnetic rigidity of a particle is defined as its 
momentum to charge ratio and is given by P = ££ where p 
and ze are respectively the momentum and charge of the 
particle and c is the speed of light.
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Now, the relativistic Lagrangian of a charged particle 
in a magnetic field is
i  \
:zL = -m0c2 (l - — 2) //2 + Ze A(r)*V (15)c
where A(r) is the vector potential of the field, c is 
the speed of light and V, Ze and mQ are respectively the 
velocity, charge and the rest mass of the particle. If 
we substitute (15) into (13), we obtain a set of differ­
ential equations which can, in general, be solved only by 
the methods of numerical integration. However, under the 
special circumstance in which the magnetic field has an 
axial symmetry, we already have an integral of motion, 
namely the equation (14) corresponding to the azimuthal
coordinate which is cyclic^ FjurtJier, in general it might
be easier to specify the magnetic field B(r) than the 
corresponding vector potential A(r). In such cases it 
will be expedient to use the Newton's form of the equations 
of motion i.e.
\2 ?
2 i7_ dt^ c
c(i - S > 1/2
d r - Ze tfxStf)] (16)
In any case, to study the motion of cosmic-rays in the 
geomagnetic field it is necessary to have a knowledge of 
this field.
The geomagnetic field B(r) is related to the geo­
magnetic potential U(r) by the relation
B (r) = -VU(r) (17)
The magnetic potential at any point outside the surface 
of the earth due to fields of internal origin may be
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expanded in terms of spherical harmonics to any required
degree of accuracy. Thus we write
n r n+1
U(r,e/(f)) = rQ n|1 m|o [g™ cos mtf> + h™ sin m<{>] P™ cos (0)(^-)
(18)
where gm and hm are the Gauss coefficients, Pm (cos 0) are ^n n ' n
the partially normalized Legendre functions and rg is the 
average radius of the earth [Chapman and Bartels, 1951].
The main contribution to the geomagnetic field comes from 
n = 1 harmonic terms in equation (18) and can be represented 
by a dipole situated at the center of the earth. According 
to the 1955 magnetic survey, this dipole has a magnetic 
moment of 8.1 x 1025 gauss cm3 and is tilted such that its 
axis intersects the earth's surface at geographic coordi­
nates 78.2° N and 69.0° W. Including n = 2, m = 0,1 terms 
one gets a better, namely the eccentric dipole representa­
tion of the geomagnetic field. Webber (1958) has found 
that corresponding to the 1955 magnetic survey, the 
eccentric dipole is situated 433 kilometers from the 
geographic center of the earth at 15.3° N latitude and 
115.1° E longitude but its magnetic moment and inclination 
are the same as for the centered dipole.
Now, we proceed with the discussion of results on 
the actual calculations of threshold rigidities. Let us 
begin with the centered dipole approximation of the 
geomagnetic field which is evidently axially symmetric.
Stormer (1955) has found that in this case a direct appli­
cation of the result (14) leads to the following integral
25
of the equation motion which describes the particle 
trajectories in the meridian plane containig the 
moving particle and the dipole axis
2y = R cosX sinQ-* + ^
In this equation y is a constant proportional to the 
impact parameter of the particle about the dipole axis 
when the particle is at infinity, X is the geomagnetic 
latitude and 0 " is the angle between the velocity vector 
of the particle and the meridian plane. For a positive 
particle, 0 ' is taken to be positive if the particle is 
moving from east to west. The radial distance R from 
the center of the dipole is measured in Stormer units 
where one Stormer unit is equal to (^ ) ^2. Physically, 
the Stormer unit is the radius at which a particle of 
magnetic rigidity P can trace out a circular orbit in 
the equatorial plane of the dipole of magnetic moment M.
From equation (19) it is clear that for any given 
value of y, areas in the meridian plane which cause 
|sin0'*| to exceed unity are forbidden to the particle 
and the boundary between the allowed and the forbidden 
regions is determined from the condition IsinO’*! = 1.
In general there is an inner and an outer allowed region 
and the two may or may not be connected to each other, 
depending upon the value of y. For an example, Figure 5 
shows a plot of equation (19) for y = 0.98. The inner
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oval shaped, shaded area corresponds to sine' < -1 while for 
the outer shaded area sinG' > 1 and therefore these areas 
are forbidden to the particles. The allowed and forbidden 
regions in space are obtained by rotating the figure about 
the polar axis. If we increase the value of y, the jaws 
of the outer forbidden region are narrowed such that for 
y = 1, the jaws are just closed. With a further increase 
in the value of y , the allowed region is separated into 
two, the inner one being inaccessible to the particles 
arriving from infinity. Thus, the limiting condition for 
the minimum rigidity a particle must have to arrive at 
the earth is given by y = 1 where the two allowed regions 
are critically connected. Thus, substituting y = 1 and
p 1 /
R = (^ ) 2 2 rg in equation (19) we have
1 /o 2
„ _ M rl - (1 - sine' cos3A) /2n
p - - 2  I----------- sine' cos'A "] (20)
e
For particle arrival near the vertical, sinG' -*■ 0 and we 
have the vertical threshold rigidity
pc = cosn (21)
= 14.9 cos11X Gv
The Stormer theory outlined above takes no account 
of the effect of the solid earth on particle trajectories. 
According to this theory all rigidities above the threshold 
are allowed and those below are forbidden. Lemaitre and 
Vallarta (1936) have made detailed integrations of individual
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particle trajectories in the field of a dipole. Their 
results have revealed certain interesting features of 
the trajectories due to the presence of the impenetrable 
earth. At rigidities relatively higher than the Stormer 
cutoff, the main cone threshold is reached and above 
this value all trajectories come from infinity without 
being obstructed by the earth. But for rigidities just 
above the threshold, the trajectories are complicated 
and may intersect the earth elsewhere before arriving 
at the point of observation. These trajectories consti­
tute the penumbral region which lies between the Stormer 
cone and the main cone. For vertical arrival between 
the equator and 20° geomagnetic latitude, the penumbra 
is completely forbidden but at higher latitudes it contains 
alternate bands of allowed and forbidden rigidities. An 
additional effect of the presence of the earth is the 
existence of a simple shadow cone which lies near the 
horizon and arises due to interception of simple trajec­
tories by the solid earth.
As already pointed out, the eccentric dipole 
approximation gives a better representation of the geo­
magnetic field. Therefore, the threshold rigidities 
based on this field simulation should, on the average, 
give better representation of the experimental data.
Webber (1958) has made geometrical corrections to the 
centered dipole threshold rigidities to take into account 
the shift of the dipole from the center of the earth. But
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on the other hand, the experimental observations have shown 
that there are discrepancies between the measured cosmic 
ray distribution on the surface of the earth and that 
expected from the dipole (either a centered or an eccentric) 
representation of the geomagnetic field [for details see 
Webber (1962); Quenby (1967) and references therein]. It 
has been shown that to explain the experimental data on 
cosmic-ray distribution, it is necessary to take into 
account the corrections to the threshold rigidities due 
to non-dipole part of the geomagnetic field (Rothwell and 
Quenby, 1958).
Quenby and Webber (1959) have made approximate calcu­
lations of vertical threshold rigidities taking into account 
the spherical harmonic terms from n = 1 to n = 6 of the geo­
magnetic potential (equation 18). At low latitudes (< 20°) 
they had to integrate the equation of motion in the presence 
of the 6th degree simulation of the field and it was 
necessary to introduce certain approximations. But at higher 
latitudes (> 40°) it was possible to use in the Stormer for­
mula (equation 21), an effective latitude being obtained by 
extrapolating the dipole-like field encountered near 
apogee of the actual line of force through the point of 
observation back to the earth as if it were a dipole 
field. In the latitude region between 20° and 40°, the 
average value of the above two approximations was thought 
to be representative of the actual threshold rigidities.
Since then Quenby and Wenk (1962) have improved these 
calculations using the computations of the paths of 
magnetic field lines and also taking into account the
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penumbral correction at low latitudes. These modified 
threshold rigidities have been shown to fit experimental 
data better than the previous ones but some discrepancies 
still remain.
The other method to calculate the threshold 
rigidities is to use a high speed digital computer to 
integrate the equations of motion of the particle.
The technique is to follow the motion outwards of a 
negative particle of the same rigidity as that of the 
required incoming positive particle, and in this way, 
decide if any given direction is accessible. In this 
method any desired simulation of the geomagnetic field 
may be used and the method, while time consuming, does 
give the most accurate values of the threshold rigidities 
available at the present time. Using sixth degree simula­
tion of the quiescent geomagnetic field, Shea et al. (1965) 
and Kondo and Kodama (1965) have employed this technique 
to compute the values of vertical threshold rigidities 
at several hundred positions on the surface of the earth. 
These values of the threshold rigidities have been found 
to be in general agreement with the experimentally 
measured cosmic-ray intensity distribution on the surface 
of the earth. The remaining discrepancy north and south 
of the equator is thought to be due to inadequate knowledge 
of the higher order field terms.
2. Atmospheric Effects
Besides being affected by the geomagnetic field,
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the particles interact with the earth's atmosphere. Upon
interacting with air nuclei the primary particles yield
secondary high energy mesons, nucleons and fragments.
These secondary particles in the atmosphere generate by
collision processes a cascade or chain principally composed
of nucleons. The nucleonic flux R(P ,x,t) measured at timec
t at a monitor station with vertical cutoff rigidity Pc 
and located at atmospheric depth x can be expressed phenom-
enologically as (Simpson et al., 1953)
00
R(pc ,x,t) = ij s (P,x) j (P,t)dP (22)
ZPc (t) 2 2
where j (P,t) is the primary differential rigidity spectrum z
in the vertical direction, P (t) is the vertical cutoffc
rigidity at time t and S (P,x) is the so called "specificz
yield" function for rigidity P, atmospheric depth x and 
charge component z. The specific yield function S (P,x) 
gives the number of secondary particles produced at 
atmospheric depth x as a function of the rigidity of the 
primary particles of charge ze where e is the charge of 
the proton. In principle the yield functions can be 
evaluated from a knowledge of the interaction processes 
involved in the atmosphere (see Appendix A). But in 
practice an empirical approach has been used which 
consists of taking the ratio of the measured differential 
latitude variation in the neutron counting rate in response 
to a particular primary charge component to the measured 
differential primary spectrum of that component over the
31
the rigidity range up to 15 GV combined with an appro­
priate extrapolation for rigidity range above 15 GV 
[Treiman (1952), Simpson et al. (1953), Webber and 
Quenby (1959) and Lockwood and Webber (1967)]. For a 
fixed depth x and particular time t, equation (22) can be 
written as
In the past years this result has been used to study the 
time variations in the primary cosmic ray rigidity spectrum 
from the world-wide observations on the total counting rates 
of neutron monitors. These observations provide information 
over the rigidity range of the primary particles extending 
from about 1 GV to 15 GV only, while the neutron monitors 
also respond to those primary particles with rigidities 
in excess of 15 GV. It will be shown that the information 
about the rigidity (or the equivalent energy) spectrum 
changes may be determined from the analysis of the 
multiplicity spectrum of a single neutron monitor without 
depending upon the world-wide data and also over the 




and the differentiation with respect to Pc gives the 
differential response function





In the present discussion, in order to relate 
the total counting rate of a neutron monitor to the 
observed multiplicity spectrum, we consider the primary 
cosmic radiation in terms of the equivalent proton 
spectrum alone which accounts for 80 to 85% of the total 
intensity. Thus, we write equation (23) as
R(PC) = j S (P) j (P)dP (25)
Pc
Now dropping the functional dependence of R on P whichc
is implicit in the lower limit of the integral we can 
write
R = J . n R  = m ?, R (26)m— 1 m m— 1 m
where R is the detected rate of events of multiplicity m. m
We can also write equation (25) for multiplicity m as
Rm = j Sm (p) j (p)dP (27>
Pc
where Sm (P) is the specific yield function for multiplicity 
m and may be determined from the latitude variation of the 
rate of detected events Rm and the primary differential 
rigidity spectrum j(P) as described previously. From 
equations (25) and (27) it can be seen that






Multiplying this result by j(P) on both sides we get 
the corresponding relation between differential response 
functions
The so called multiplicity differential response functions
3. Time Variations in the Multiplicity Spectrum
We now show how the multiplicity differential 
response functions may be used to study the time varia­
tions in the primary cosmic-ray differential rigidity 
(or energy) spectrum. Referring to two different times 
t and t^, we can write the counting rates of multiplicity 
m as
- ■ = ?•, mdP m=l dP
(29)




Sm (P,x) j (P,t)dP = — ^ ---  dP (30)
Pc
and
00 7 dR (P,x,t, )m v ' ' 1SLg- i dP (31)Sm (P/x) j (P,t1)dP =
P Pc c
Assuming a rigidity modulation of the primary spectrum, 
we may write
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j(P/t^) = j(P,t)f(P) (32)
where f(P) is some rigidity modulation function. Thus, 
from equations (31) and (32)
R (P ,x,t,) m c' ' 1
dRm (P,x,t)
dP f (P)dP (33)
Hence, the fractional change in the counting rate of this 
multiplicity between these two times from equations (3) 
and (33) will be given by
AR
m R.






Thus, from a knowledge of dRn/P 'x,t)dP it may be possible to
deduce f(P) by using trial spectra whose general shapes are 
known from the past works, at least over the limited 
rigidity range, which explains the observed changes in 
the multiplicity spectrum.
Now it will be observed from equation (22) that 
the neutron counting rate of a monitor is a function of 
the atmospheric depth x in gm/cm2 and in equation (23) 
x has been assumed to be constant. The atmospheric depth 
x is determined by the column of air mass above the neutron 
monitor. Unfortunately, the density of air in the atmosphere 
above the monitor is subject to changes and as a result these 
changes are also introduced in the quantity x, hence in the
counting rate of the neutron monitor. Thus in order to 
find the real changes in the multiplicity spectrum, the 
variations in the counting rates due to changes in the 
density of air in the atmosphere must be removed from 
the multiplicity data.
In so far as the barometric pressure is a good 
measure of the average air mass above the monitor station 
these variations can be eliminated by determing the local 
barometric coefficients for the individual multiplicities 
Since it is intended to study the time variations in the 
primary cosmic ray spectrum for cosmic-ray events by 
observing the changes in the multiplicity spectra for the 
neutron monitors at Mt. Washington and Durham, it is 
essential to determine the barometric coefficients for 
different multiplicities at these monitor stations. The 
determination of these coefficients is considered in a 
later chapter.
CHAPTER IV
MULTIPLICITY DIFFERENTIAL RESPONSE FUNCTIONS




which gives the counting rate of events of multiplicity m 
at a location with vertical geomagnetic cutoff rigidity 
Pc, atmospheric depth x and at time t. The quantity
is correspondingly called the differential response function 
of multiplicity m. Physically it is the contribution to 
the counting rate of events of multiplicity m at depth x 
and time t from primary particles arriving within a small 
solid angle near the vertical with rigidities lying between 
P and P + dP. We shall evaluate these functions for 
Mt. Washington (x = 828 gm/cm2) and Durham (x = 1030 gm/cm2) 
stations.
(1959) and Lockwood and Webber (1967) to obtain the 
differential response functions for the total counting 
rates of the nucleon detectors from the measured latitude 
curves. For neutron multiplicity measurements we have
dRm (P,x,t)
= Sm (P,x) j (P,t) (36)
The method follows that used by Webber and Quenby
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used the latitude curves of Kent et al. (1968) ,' Dyring 
and Sporre (1966a) and Kodama and Ohuchi (1968). Kent 
et al. made their measurements on a series of airplane 
flights during the Solar minimum period between December,
1964 and March, 1966 at an altitude of 680 gm/cm2 using 
an IGY-type neutron monitor. Dyring and Sporre also 
using an IGY-type monitor made the neutron multiplicity 
latitude survey at sea level (x = 1030 gm/cm2) during 
1964. However, Kodama and Ohuchi in their measurements 
at sea level between December, 1966 and April, 1967 had 
used an NM-64 type neutron monitor. In order to achieve 
self-consistency among these various neutron multiplicity 
latitude curves, the following procedure has been employed.
First of all, it has been assumed that the latitude 
curves for total neutron counting rates used by Lockwood 
and Webber (1967) to obtain the corresponding differential 
response functions are correct, or at least as accurate 
as the measurements would permit. Next, from each set of 
measurements of the latitude effect of neutron multiplici­
ties, using equation (26), the corresponding latitude 
curves for the total neutron counting rates were obtained. 
Slight adjustments were made in the curves so obtained to 
make them coincide with those used by Lockwood and Webber
(1967). These modified latitude curves were then used to 
obtain the neutron multiplicity latitude curves corresponding 
to the period of solar minimum in May, 1965. The time t in
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equation (36) would now refer to this period.
To obtain the multiplicity latitude curves for 
the IGY-type monitor at Mt. Washington, we have used
the measured latitude curves of Kent et al. and those of
Dyring and Sporre. To do this it was assumed that the 
contribution to the counting rate of a nucleon detector 
at 6 80 gm/cm2 altitude from stopping muons was negligible. 
Strictly speaking this assumption is not completely true 
but it would not cause any serious effects because the 
contribution from stopping muons occurs only in the 
lowest multiplicity rates whose responses are comparable 
with the known response of the total neutron counting 
rates. On the other hand, at sea level the experimentally 
measured contribution to the neutron counting rate due to 
muons (Hughes and Marsden, 1966) is appreciable and it was 
necessary to remove this contribution before these curves 
could be interpolated to a mountain elevation. Following 
Hughes and Marsden (1966) the muon contribution to the 
multiplicity rates in channels m = 1, 2 and 3 at sea
level and Pc = 2 GV was taken to be 10.0%, 3.5%, and 0.8% 
respectively. The muon flux was considered to have 10% 
latitude effect over the range 1.0 to 16.0 GV threshold 
rigidity (Carmichael et al., 1968). From the muon adjusted 
sea level latitude curves and those at 680 gm/cm2 altitude, 
the corresponding curves were obtained at 828 gm/cm2 
altitude assuming an exponential attenuation of the 
radiation in the atmosphere. These curves have been used 
to evaluate the multiplicity differential response
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functions for Mt. Washington. For Durham we have used
the multiplicity latitude curves of Kodama and Ohuchi
(1968) for NM-64 type neutron monitor.
We have evaluated by taking the slopes
dP
of the multiplicity latitude curves described above by
using the method of finite differences. The resulting
multiplicity differential response functions for
Mt. Washington and Durham stations are shown in Figure (6).
For comparison the differential response functions of
total neutron counting rates at these two stations are
included (Figure 6). These response curves have been
normalized such that R (15) = 100. Above 15 GV it is
assumed that ^ m ^  = K P ra and that the slope is 
dP m
continuous at 15 GV (Webber and Quenby, 19 59). In view 
of the approximations used no attempt was made to estimate 
the errors rigorously but a rough estimate based on the 
statistical accuracy of the counting rates suggests that 
these multiplicity differential response functions are 
uncertain to an extent of 10% to 20%.
Using these functions we can now rewrite equation
(34) as
l 5
I AR (P) P -y
P.  -- f (P) AP+/ K P mf(P)dP (37)
F = 1 - c AP___________15 ™__________
m 15
E AR (P) -Ym oo m
— T5  AP + / K P dPc AP 15 m
where Pu is the upper limit of rigidity modulation. This 
result can be evaluated for a given function f(P) to
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calculate the fractional change Fm in the counting rate 
of multiplicity m.
We have also calculated the functions
dP
using a simple model for cosmic-ray propagation through 
the atmosphere and the response of neutron monitors to 
secondary nucleons (Hatton and Griffiths, 196 8). There 
was found to be general qualitative agreement in shapes 
with the experimental results but due to the uncertantities 
involved in the model used no quantitative agreement could 
be expected. Therefore, the results of these calculations 
are not included here but the method used being instructive 
is described in Appendix A.
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CHAPTER V
BAROMETRIC COEFFICIENTS OF DIFFERENT NEUTRON 
MULTIPLICITY RATES
The counting rate of a neutron monitor is 
affected by the variations in the atmospheric pressure. 
This so called barometric effect is caused by absorption 
and ionization processes in the atmosphere. The loss of 
secondary nucleons due to these processes is a function 
of the air mass density and hence that of the atmospheric 
pressure.
counting rate R and the barometric pressure B can be 
expressed as
where 3 is the barometric coefficient (also called the 
pressure coefficient or the attenuation coefficient). 
The experimental variation of the intensity of the 
nucleonic component with depth in the atmosphere can 
be represented by the equation (Simpson et al., 1953)
The relationship between the neutron monitor
(38)
R = R0 e (39)
where
R = nucleonic intensity observed at pressure
level B
R0= nucleonic intensity observed at some
standard pressure level B0
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L = attenuation length in units of pressure
The attenuation length is the atmospheric depth necessary 
for the nucleonic intensity to decrease by a factor of 
1/e of its original value. Substitution of equation (39) 
in (38) gives
exists a well defined latitude effect in attenuation 
length L with a pole to equator difference of about 12% 
[Bachelet et al. (1965a), Carmichael et al. (1968) and 
Coxell et al. (1966)]. The observed latitude dependence 
of the attenuation length L implies that L is a function 
of the mean energy of the nucleons incident on the monitor. 
Since the multiplicity is also a function of the incident 
nucleon energy, there is expected to be a different 
attenuation length or barometric coefficient for each of 
the multiplicity rates.
and thus we can write equation (38) for a particular 
multiplicity m as
Here 6m is the barometric coefficient for the multiplicity
m and R is the observed rate of events of that multiplicity m
at atmospheric pressure B.
3 = 1/L (40)
It has been observed that at sea level there
From equation (26) we have
(41)
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Now let us consider the method to determine the 
coefficient If 3m is independent of pressure for a
small pressure interval between Bq and , then integra­
tion of equation (41) gives
( i r 4  ) = Bm <B0 - Bl> <42>m, 0
In this equation R n and R _ are the observed rates ofm, i m, 0
events of multiplicity ra at the corresponding pressures 
B^ and Bq. Equation (42) is a straight line with 3m as 
its slope and thus a linear regression of log R^ on 
pressure B can be used to compute 3^. In this method a 
large error will be introduced in the computed 3m due 
to the effects of variation in the counting rate caused 
by the changes in primary cosmic-ray intensity. Since 
the primary cosmic-ray intensity-time variations are 
not random, the residuals from the functional relationship
(42) are serially correlated and consequently the errors 
calculated from these residuals will be underestimated. 
Therefore, it is highly desirable to suppress the influence 
of serially correlated residuals. For this purpose a two 
station technique in which the barometric pressure- 
corrected counting rate from a nearby station is used 
as an additional variable to control the intensity changes 
of primary origin (a first-order correction), has been 
found to be a considerable improvement [McCracken and Johns 
(1959), Lindgren (1961), Bachelet et al. (1965a) and
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Martinelle (196fl)].
There is another method often used— the method 
of successive differencing (LaPointe and Rose, 1962).
This method filters the effects of small gradual changes 
in the mean primary intensity levels with time because 
no mean values appear in this analysis. Taking Bq = B, 
the mean station pressure, equation (42) can be written 
for ith entry of data as
log R . = log R . + 6 (B - B.) (43)a m,i 3 m,i m i'
where R . is the corrected rate of events at pressure m, i *
B. Similarly for the next consecutive entry,
1o9 Rm,i+1 “ 1o9 Vi+1 + 6m <5 - Ei+1> (44)
The first difference of equations (43) and (44) gives
log ( } - log ( ) + 6m ,Bi - B.+1,
m / i R .9 m,i
The quantity occurring in the first term on the right-hand
side may be replaced by the pressure-corrected total
counting rate R from a nearby station. Thus, equation 
c
(45) can be written as
log ( ) = cm log ( ^ i + 1  ) + 6m (B1 - B.+1)
m, i R
C,1
where cm is some coefficient. The multiple linear regression 




estimates of 3 from sample to sample and thus determines m
a relatively stable value of the barometric coefficients 
[Bachelet et al. (1965), Martinelle (1966) and Lockwood 
and Kaplan (1967)]. There are, however, certain pre­
cautions which must be taken in using this method. Hourly 
or bihourly data may not be used in equation (46) to 
compute 3m » For such short time intervals there will be 
stretches of data in which periodic variations of pressure 
may be in or out of phase with primary intensity variations. 
This will introduce serial correlation between the residuals 
and may lead to a complete falsification of the calculated 
barometric coefficient. For example Kaplan (1966) using 
hourly data for Mt. Washington neutron monitor found a 
barometric coefficient 0.56% per mm Hg, as compared to the 
expected value of 1.00% per mm Hg. But the daily averages 
of data have been found to determine the barometric co­
efficient free from such erratic distortions and the 
method can be used safely [Dyring and Sporre (1966) and 
Kaplan (1966)] .
We have determined the barometric coefficients of 
different neutron multiplicities for Mt. Washington and 
Durham (New Hampshire) neutron monitors from equation (46) 
using daily averages of counting rates and pressure data.
The results are discussed in the following chapter along 




In order to obtain the neutron multiplicity spectrum 
we need to measure the frequency distribution of various 
multiplicity rates in the neutron monitor and the corres­
ponding barometric pressure at the station involved. The 
equipment to record these data is described next.
1. Equipment
a. Barometric Pressure
(i) Mt. Washington. It is difficult to determine 
the barometric pressure accurately at this station because 
of the prevailing high wind velocities. Conventional 
pressure measurements are not reliable because of turbulent 
winds and the contour of the mountain. Due to wind speed 
the barometric pressure reading at the summit will be 
smaller than that at the same level in free air away from 
the influence of the mountain. To compensate for this 
effect the dynamic head of a pitot tube vaned into the 
wind has been connected to a sealed microbarograph, and 
the device seems to provide adequate compensation for the 
pressure deficiency (Falconer, 1947). The pressure 
readings for this system are larger than those recorded 
by a barometer not connected to the pitot tube by
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approximately 1/2 pV2, where p = air density and V is 
the wind speed. It has been shown that the pressure 
readings from this system measure the amount of air 
mass above the detector to an accuracy of less than
0.75 mm of mercury (Lockwood and Calawa, 1957). The 
accuracy of the recorded barometric pressure is expected 
to be a major source of error in determining the baro­
metric effect on the neutron counting rate of the monitor 
at this station.
Towards the end of the year 1967 an automatic 
digital barometer recording system manufactured by the 
Texas Instrument Corporation was installed at Mt. Washington 
and like the conventional microbarograph was connected to 
the dynamic head of the pitot tube. The automatic pressure 
system is interrogated every five minutes and the hourly 
pressure is obtained from the simple average of the five- 
minute readings. A comparison was made between the baro­
metric readings from the two systems extending over a 
period of about six months and it was revealed that the 
errors resulting from the visual reading of microbarograph 
were much larger than the errors resulting from the 
sampling of the automatic barometer. Therefore it was 
decided to use the five-minute automatic barometer 
readings in the pressure correction programs subsequent 
to October, 1968. The barometer readings from the auto­
matic system are continuously checked against pressurized
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Fortin barometer to eliminate any systematic errors in 
the barometric pressure readings.
(ii) Durham. This station uses a digitized 
barometric system which is a sealed Fortin-type mercury 
unit. This system automatically reads the barometric 
pressure corrected to 0°C temperature and the results 
are punched on an IBM paper tape at predetermined inter­
vals every five minutes. Since this station does not 
experience the metereological effects like those 
affecting the Mt. Washington station, there is greater 
accuracy in the barometric readings (0.1 mm Hg). Thus 
a greater accuracy can be expected in determining the 
barometric pressure effects on the neutron counting 
rate of the monitor at this station.
b. Multiplicity Spectrum
The neutron monitors in operation at Mt. Washington 
and Durham are the standard IGY and NM-64 types respec­
tively. At Mt. Washington a multiplicity analyzer has 
been in continuous operation since November 7, 1967 and 
its input consists of the total mixed output of the 
monitor which contains twelve BF^ counters operated in 
parallel. A similar multiplicity analyzer has been in 
operation at Durham since July 18, 1968 and its input 
consists of the mixed output of six BF^ counters of one 
of the three sections of this monitor.
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The block diagram of the multiplicity analyzers 
operating at both the stations is shown in Figure 7.
The first detected neutron pulse from a cosmic-ray 
event in the monitor appearing at the input of the 
analyzer is admitted through gate-1 and generates a 
pulse of 1000 microseconds duration. The pulse so 
generated opens the gate N.C. (normally closed) for 
a time duration of 1000 microseconds. The first pulse 
opening the gate N.C. and all the subsequent pulses 
associated with that event occuring within 1000 micro­
seconds time interval are admitted through the gate 
N.O. (normally open) to the binary decade counting 
unit. At the end of 1000 microseconds time interval, 
the gate N.O. is closed for a duration of 1000 micro­
seconds and the analyzer is insensitive to the input 
pulses occuring during this dead time of the analyzer 
(the choice of 1000 microseconds for the gate and dead 
times of the analyzer are dictated by the mean lifetime 
of the thermal neutrons in the monitor discussed later). 
Immediately after the gate N.O. is closed, a 0.5 micro­
second's duration pulse is used to operate the gate-3 
to read the state of binary decade counting unit. The 
readout of the binary decade counters is converted to 
the decimal counting system. Depending upon the pulses 
stored during the gate time of 1000 microseconds, the 
associated event is counted in the corresponding channel
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(1 through 8) scaler and is subsequently recorded in 
a visual register. The counting rates of the different 
channels are scaled down by the appropriate factors.
If the number of pulses recorded during the 
gate time happens to exceed 8, the gate-2 is activated 
which closes the read gate-3 and the corresponding 
event is recorded in channel 9. Channel 10 is used 
to record the number of times the gate N.C. is opened
i.e. the gate-rate or the total number of events recorded 
during the recording time interval. At the end of each 
hour, the number of events recorded by the various 
registers are punched on the IBM paper tape and the 
registers are reset. The IBM paper tape also contains 
the information regarding the day and hour at which the 
multiplicity data are recorded along with the barometric 
pressure readings from the corresponding pressure 
measuring device.
Regarding the above mentioned choice of gate 
time and dead time intervals we note that the evapora­
tion neutrons originating from a nuclear reaction are 
thermalized by the moderator. Once thermalized, the 
neutrons disappear because of leakage and absorption 
in the neutron monitor and only a small percentage of 
them 2% in IGY monitor and ^ 6% in NM-64 monitor) 
are detected in the BF^ proportional counters. The 
evaporation neutrons associated with an event in the
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monitor are not detected instantaneously because of 
their finite lifetime. The gate time of 1000 micro­
seconds in the multiplicity analyzer has been selected 
to be about three times the mean lifetime of evapora­
tion neutrons in the monitors (Appendix B). Thus about 
95% of the evaporation neutrons originating from a 
single interaction and detected by the BF^ counters 
are accepted by the multiplicity analyzer. Hence the 
lifetime of evaporation neutrons in the monitor deter­
mines the gating efficiency of the multiplicity analyzer 
and as such is an important parameter related to the 
measurements of the multiplicity spectrum. The dead 
time of 1000 microseconds has been imposed to rule out 
the possibility of the gate being triggered by a neutron 
pulse associated with a previous event.
The multiplicity spectrum recorded as described 
above will suffer from distortions due to chance coinci­
dences of two or more random events falling within the 
gate time of the analyzer and the loss of events due to 
the imposed dead time. Such cases would distort the multi­
plicity spectrum. To obtain the true multiplicity spectrum, 
corrections ought to be made for these effects. The 
procedure to estimate the necessary corrections to the 
measured multiplicity spectrum is discussed in Appendix B.
The following equations are used to obtain the corrected
A
multiplicity rates Rm from the recorded rates Rm (Appendix B).
52
R1 = R1D (47a)
R2 =
R_D - R? T W.12  1 g 1
1 + R, T W 21 g 1
(47b)
R3 =
r 3d - [R0R, T W,1 + R2T Wf + 1/2R3(T w })2 + R, R0T W2] z ± q 1 Z q 1 ± q l  1 Z q Z
1 + R,t J?31 g 2
r 4d
R-R.T W.1 + R_R„T W 2 + 1/2R. (RnT W-1) 2 3 1 g l  3 2 g l  ' 2 1 g 1
+ R2T W2 + R0R_T W 2 + R~(R,T )2W*W2 + R-R-T M  2 g 2  2 3 g 2  2 X 1 g 1 2  1 3 g 3-
1 + R,T w!+ 1 g 3
k-1 .
R. D - [ . Z, R . R, . T W . ]
R. = JS------ 1=1 1 9 1 , 5 < k < 8
1 + R,T W,, ,1 g k-1
R£9 " R^9 (47f)
A program written for an IBM-360 computer using the above
set of equations generates the corrected multiplicity rates
R from the recorded rates R on a routine basis as an m m
integral part of neutron multiplicity measurements. The 
sign of the corrections depends upon the multiplicity as 
can be seen from the typical percentage corrections for 
the two stations shown in Table III.




It was pointed out in Chapter III that in order to
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find the changes in the multiplicity spectrum from
cosmic-ray intensity variations, the counting rates
must be corrected for changes in the barometric pressure.
The methods outlined in Chapter V were used to determine
the multiplicity barometric coefficients ($m ). Now,
we discuss the results of the computations of the
barometric coefficients ($m ) and consequently the
importance of the corrections applied to the multiplicity
data due the variations in the local barometric pressure
of the station.
The multiplicity barometric coefficients 3m have
been determined from equation (46). In this equation
Rm  ^ is the counting rate of multiplicity m on the ith
day corrected for chance coincidences and dead time loss
while is the average barometric pressure for the
same period. Finally R . is the pressure correctedc, 1
total counting rate from a nearby neutron monitor station
for the same ith day while C and 3 are the coefficientsJ m m
of partial regression.
For Mt. Washington station the data have been
used for the period November 7, 1967 to June 30, 1968
and the pressure corrected total counting rate of
Durham 12 NM-64 neutron monitor (sea level) was taken
as the control variable R . For Durham station thec
data have been used for the period July 18, 1968 to 
February 8, 1969 but in this case the pressure corrected
54
total counting rate of Durham 6 NM-64 neutron monitor
(under 350 gm/cm2 concrete block) was taken as the
intensity control variable R . A program which usesc
equation (46) has been written for an IBM-360 computer
to perform the three variable linear regression to
compute the barometric coefficients 3m , their standard
error of estimates and the coefficients of correlation
and non-determination. It was decided to use the
daily averages of multiplicity count rates
intensity control variable R . and the correspondingc , 1
barometric pressure . Thus the effects of any diurnal 
variation in the intensity which might be correlated with 
the pressure waves in the atmosphere would be eliminated. 
Any day which did not have at least 21 corresponding 
hours of data was not used.
The program also contained a rejection criterion 
which was introduced to eliminate the rapid variations 
in neutron intensity (such as during Forbush decreases) 
which are not related to the atmospheric conditions.
If the neutron intensity changes were such that
R . — R .
100 X I i+1 ' 1 | > 30x I B - Bi |
1
(Lapointe and Rose, 1962) where RjL are the counting
rates for two successive days and B^+^' B  ^are the 
corresponding pressure averages in cm Hg, these days
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were rejected. Therefore, this criterion rejected
days where the variation in neutron intensity from
the previous day was greater than 30% per cm Hg or
three times the possible variation due to atmospheric
effects based on 10% per cm Hg barometric coefficient
for the total neutron rate at Mt. Washington.
The resulting values of the multiplicity
barometric coefficients 3^ for Mt. Washington and
Durham neutron monitor stations along with the total
barometric coefficients are listed in Table IV.
Figure 8 shows the variations of the coefficients 3 as 3 m
a function of multiplicity m for both the stations.
The barometric coefficients 3 for differentm
multiplicities have also been determined by several
other groups of workers [Bachelet et al. (1965), Dyring
and Sporre (1966), Kodama and Ishida (1967), Nobles et
al. (1967), Kent et al. (1968), Griffiths et al. (1968)
and Bachelet et al. (1968)] at locations with different
altitude and vertical cutoff rigidity. Since in many
of these measurements various versions of the neutron
monitor have been used, no direct quantitative comparison
may be made among the values of coefficients 3m . In
general all of these studies have shown that at a given
location the barometric coefficient 3 increases withm
increasing multiplicity m. Also for a given multiplicity 
m, the barometric coefficient 3m decreases with increasing
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cutoff rigidity and this so called latitude effect is 
less pronounced at higher multiplicities. In particular 
Bachelet et al. (1965) have found that the coefficients 
3m for m > 1 are practically free from any altitude 
effect while ^  is a decreasing function of the atmos­
pheric pressure between 630 mm Hg and 760 mm Hg pressure 
levels. This altitude effect of 3^ is opposite to that 
observed in the upper atmosphere (above about 600 mm Hg 
pressure level) (Simpson and Fagot, 1953) since the 
barometric coefficient (3) of the total neutron counting 
rate of a monitor has been shown to exhibit latitude 
and altitude variations approximately similar to those 
of the coefficient (3-^ ) of single multiplicity [Bachelet 
et al. (1965) and Carmichael et al. (1968)]. This 
similarity is due to the fact that the total neutron 
counting rate of a monitor is dominated by the events 
of single multiplicity.
According to Bachelet et al. (1965a) the observed 
latitude effect of the barometric coefficients (3m ) at any 
pressure level is consistent with a smaller absorption 
coefficient in terms of an increasing mean energy of the 
nucleonic component with increasing threshold rigidity. 
This explanation is also consistent with the altitude 
effect measured in the upper atmosphere but is in sharp 
contrast with that observed in the lower atmosphere where 
it is difficult to imagine an increase in the mean energy
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of the nucleonic component with the increasing atmosphere 
depth. However, it is known that the muonic (the hard) 
component in the secondary radiation appears in an ever 
increasing proportion with the atmospheric depth. On 
the other hand the neutron multiplicity produced by muon 
capture in lead nuclei in the monitor has been found to 
be relatively low as compared to that produced by the 
interacting nucleons (Conforto and Sard, 1952). From 
these two observations Bachelet and coworkers were led 
to suggest that the anomalous behavior of the coefficient 
8 (in particular 8 -^) with altitude in the lower atmosphere 
could be due to an increased contribution of neutrons from 
the capture muons in the monitor. This also explains 
the relatively low value of 8-^ compared to 8 at sea 
level. They further observed that the effect was broadly 
consistent with a 7% contribution due to muons to the 
total neutron counting rate for an IGY monitor at 2 GV 
cutoff rigidity at sea level as reported by Fieldhouse 
et al. (1962). More recently Carmichael and Bercovitch 
(1969) have shown that the muon contribution is only 
partly responsible for producing such an effect in the 
barometric coefficient in the lower atmosphere. For 
the other part they have found that it is the omnidirec­
tional character of the primary cosmic radiation degrading 
into secondaries capable of affecting the counting rate 
of a neutron monitor. This can be shown in a simple
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manner from the Gross transformation and is described 
in Appendix C.
The increase of barometric coefficients (8m ) 
with multiplicity (m) i.e. with higher median primary 
energy is surprising and contrasts with the decrease 
in 6m with increasing threshold rigidity.
Hatton and Griffiths (1968) using a simple model 
for cosmic-ray interactions in the atmosphere and the 
response of neutron monitors to secondary nucleons 
have investigated the behavior of barometric coeffi­
cients 8m with multiplicity, latitude and altitude.
The essential underlying idea is that at a given threshold 
rigidity higher multiplicities receive their counting 
rate from primary particles encountering a relatively 
smaller number of interactions in the atmosphere while 
at a higher cutoff rigidity a particular multiplicity 
derives its counting rate from primaries undergoing 
a relatively larger number of interactions. The proba­
bility of a primary particle undergoing a certain number
of interactions i follows a Poisson distribution and is
-b . i6 ngiven by P(i,b) = —t-j  where b is the mean number of
interactions in the atmosphere. A change in atmospheric 
pressure causes a change in b and consequently affects 
P(i,b). It can be shown that for i < b, the smaller 
the i, the larger the change in P(i,b) for a small change 
in b. As a result the barometric coefficient at a given
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location increases with multiplicity and conversely for 
a particular multiplicity decreases with increasing 
threshold rigidity. Because of the simplifying 
assumptions made in the model and for not having taken 
into account the muon contribution, the absolute values 
of the coefficients and their altitude effect are not 
to be taken too seriously. Another striking result 
of their investigation is that at sea level the baro­
metric coefficients for higher multiplicities tend to 
a constant value of about 1.15% per mm Hg.
From Figure 8 it can be seen that for both the
stations (Mt. Washington and Durham) the barometric
coefficient 8m increases with increasing multiplicity
m and that for Durham (sea level) 8 for m > 5 ism
essentially constant having a value 1.15% per mm Hg.
For Durham, also 8^ is markedly lower than 8/ the baro­
metric coefficient for total neutron counting rate. A 
comparison of 8m for the two stations shows that the 
altitude effect is also in essential agreement with 
that mentioned in the foregoing discussion. The rela­
tively larger errors in the values of fT for Mt. Washington 
are most probably due to larger uncertainties involved 
in measuring the barometric pressure at that station as 
mentioned previously. It has been possible to make a 
direct comparison between the values of 8m only for 
Durham (New Hampshire) and Leeds (England) (Griffiths
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et al. 1968) NM-64 neutron monitors both operating at 
sea level and at comparable threshold rigidities. These 
coefficients have been found to be in reasonable agree­
ment within the accuracy of experimental measurements.
With the knowledge of the barometric coeffi­
cients (B^) for different multiplicities we can apply 
the corrections for barometric pressure (B) variations 
to the multiplicity counting rates Rm already corrected 
for chance coincidences and dead time losses in the 
multiplicity analyzer. In order to do that we rewrite 
equation (42) as
R = R exp [B (B - B) ] (48)m m * m' ' J
where R is the counting rate reduced to the station m
mean pressure (B) level. A program written for an IBM- 
360 computer uses equation (48) to generate R^ from the 
multiplicity data R^ and the barometric pressure data B 
on a routine basis. The program also has the option 
either to produce the hourly pressure corrected rates 
or their daily averages.
To emphasize the importance of the pressure 
corrections applied to the recorded counting rates and 
consequently that of an accurate and reliable knowledge 
of the barometric coefficients, we have plotted in 
Figure 9 the hourly values of the barometer readings and 
the pressure uncorrected and also the corrected total
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neutron counting rates on a typical day for Durham Station. 
It is clear how an unreliable pressure correction will 
introduce an apparent variation in the neutron counting 
rate entirely unrelated to the changes in the cosmic-ray 
intensity.
The typical actual counting rates per hour for 
different multiplicities corrected for barometric pres­
sure effect for both the stations are listed in Table V.
The resulting multiplicity spectra normalized such that 
the total neutron counting rate = 100 are plotted in Figure 
10. Although the two multiplicity spectra have been ob­
tained at different altitudes, it is interesting to discuss 
the difference in their shapes. It will be noted that the 
m-spectrum observed at Mt. Washington in an IGY monitor is 
steeper than that observed at Durham (sea level) in a 
NM-64 monitor. If m-spectrum were measured in an IGY 
monitor at Durham, the observed difference in the shapes 
of these spectra will depart further as the incident ra­
diation softens with increasing atmospheric depth (Nobles 
et al., 1967). A similar difference between the m-spectra 
of the IGY and NM-64 neutron monitors has been observed 
by Kodama and Ishida (1967) and Bachelet et al. (1968).
The observed difference between the IGY and NM-64 
monitors m-spectra may be explained on the basis of their 
different detection efficiencies ('x- 2.1% for IGY and
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^ 5.7% for NM-64) for the locally produced neutrons.
Noting that the thickness of the local lead-producer 
in both the monitors is comparable (Hatton and Carmichael, 
1964) it may be seen from the discussion of Chapter II 
(Figure 1) that the produced mean multiplicity v(E) will 
also be comparable. But from equation (8) we have the 
detected mean multiplicity
in =  e f  ( v  -  1 )  +  1  ( 4 9 )
where e is the detection efficiency for thermal neutrons 
and f is the gating efficiency of the multiplicity 
analyzer. Since the two monitors have almost the same 
gating efficiency but quite different detection effi­
ciency, the IGY monitor due to its smaller detection 
efficiency is biased towards events of lower multipli­
cities and consequently has a relatively steeper m- 
spectrum. This also tends to introduce slight differences 
in the median energies associated with different multipli­
cities in the two monitors as pointed out by Griffiths 
et al. (1968).
Finally we observe that it should be possible to 
compute the barometric coefficient 8 for the total neutron 
counting rate from the coefficients 8m of different multi­
plicities. The relationship of 8 to 8m is given by
L  mR 8
e = S£l--- m m  ( }
00 ' '
e, mR m=l m
Using the multiplicity spectra Rm plotted in
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Figure 10 and the values of 3 listed in Table IV wem
have computed the value of 3 from equation (50) for 
both the stations. The resulting values for Mt. 
Washington and Durham are 1.021% per mm Hg and 0.965% 
per mm Hg respectively and are not unreasonably differ­
ent from those determined directly as listed in Table IV. 
This once again shows the self-consistency of the multi­




DATA ANALYSIS AND RESULTS
It was discussed in Chapter III that the information 
about the time variations in the rigidity spectrum of pri­
mary cosmic radiation might be obtained from the observed 
variations in the neutron multiplicity spectrum without 
depending upon the world-wide neutron monitor data. To in­
vestigate such a comparative usefulness of neutron multi­
plicity data in the study of cosmic-ray solar modulation we 
have analyzed neutron multiplicity data to determine the 
time variations in the multiplicity spectrum. The resulting 
changes in the multiplicity spectrum are compared for several 
Forbush decreases with part of the 11-year variation in the 
cosmic-ray intensity. For comparison purposes similar 
analyses have also been made for these two types of intensity­
time variations as recorded by the Pioneer 8 cosmic-ray 
telescope (Webber, 1969) and by ground-based neutron monitors 
located at different vertical cutoff rigidities. Finally, 
we have examined the diurnal variation of the different 
neutron multiplicity rates recorded at Durham during the 
period December, 196 8 to September, 1969.
From June, 196 8 to May, 1969 there occurred a number 
of large Forbush decreases. Six of these F-events as re­
corded by the Mt. Washington neutron monitor ranged from 
about 5% to 11.5% in magnitude. These are shown in Figure 11
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where the daily averages of the total neutron counting rate 
during the decreasing and the recovery phases of each F- 
event are plotted as a percent of the predecrease inten­
sity. Also, to exhibit the long term change in cosmic-ray 
intensity, the monthly averages of counting rates recorded 
by the Mt. Washington neutron monitor are plotted in Figure 
12. It can be seen that a change of about 16% occurred in 
the counting rate over the period from May, 1965 to 
December, 1968.
1. Neutron Multiplicity Data 
The counting rates of higher neutron multiplicity 
events are very low as compared to the total neutron count­
ing rate of the monitor (Figure 10). As a result the 
statistical accuracy is relatively poor. Therefore, to 
improve the statistical accuracy of these data we have com­
bined the counting rates of multiplicities 4 and 5 in one 
group and those of 6 and greater in another. For a compar­
ison among the time variations in the neutron multiplicity 
spectrum, it is convenient to consider the changes in the 
counting rates of different neutron multiplicities relative 
to that in the total counting rate of the respective 
neutron monitor.
Forbush decreases. We have the neutron multiplicity data 
available from both the Mt. Washington and Durham monitor 
stations during the periods of occurrence of five of the 
above mentioned six F-events. For these five F-events we
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have plotted in Figures 13a - e the daily averages of the 
counting rates of different neutron multiplicities 
against those of the total neutron counting rates recorded 
by the Mt. Washington monitor. The percentage statistical 
standard deviations for the daily averages of the counting 
rates of different neutron multiplicities are also shown. 
The regression coefficients am (or the ratios of the 
fractional changes in the counting rates of multiplicity m 
to that of total neutron counting rate) and their standard 
errors of estimate as shown have been determined by the 
method of linear regression. For the same five F-events 
exactly similar plots are shown in Figures 14a - e for the 
neutron multiplicities recorded by the neutron monitor at 
Durham. It is to be noted that in all cases, there is a 
good tracking between the multiplicity rates and the total 
neutron counting rates, although the poorer statistics due 
to the lower counting rate of multiplicities 5- 6 are re­
flected in the greater spread of data points.
For the five F-events, the ratios a obtained fromm
the Mt. Washington and Durham neutron multiplicity data are
summarized in Tables VI(B) and VII(B) respectively. It can
be seen that within the standard errors of estimate of a ,m
the response of different neutron multiplicities is very 
similar from one F-event to another. Therefore, in these 
tables we have also included the weighted averages of the 
ratios a determined from all the five F-events.
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11-Year Variation. Continuous multiplicity recording at 
Mt. Washington commenced in November, 1967 and the data 
used in this study are those collected from this time to 
August, 1969. To ensure that no long term drifts occurred 
in the neutron multiplicity spectrum, the data have been 
ordered according to the cosmic-ray intensity level instead 
of time series. From the intensity-time plot of total 
neutron counting rate the total time period was divided into 
a number of smaller time intervals of duration extending 
from about one to four months, dependent upon the intensity 
level. From each time interval a representative day with 
normal undisturbed intensity was chosen. Next, each interval 
was scanned and all those days were selected for which the 
total neutron intensity did not differ by more than 0.5% from 
that on its representative day. The average of all the days, 
so selected, was taken to be the intensity level for the 
time interval in question. Then, the neutron multiplicity 
rates for each time interval were averaged over the corre­
sponding selected days. Those time intervals for which the 
number of selected days was less than five were not included 
in the analysis. The data so selected were normalized 
assuming that the different counting rates corresponding to 
the highest total neutron intensity level were equal to 100.
In Figure 15a we have plotted the counting rates of 
different neutron multiplicities against the total neutron 
counting rate at Mt. Washington. It should be noted that
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the neutron multiplicity spectrum and the total neutron 
intensity track each other very well. The ratios am 
were determined in exactly the same manner as for the 
Forbush decreases and are listed in Table VI(A).
Exactly the same procedure was used in case of the
neutron multiplicity data recorded at Durham during the
period July, 1968 to August, 1969. The data are plotted 
in Figure 15b and the ratios am determined thereby are 
included in Table VII(A). Again, we observe a fairly good 
tracking between the neutron multiplicity spectrum and the 
total neutron counting rate.
We wish to emphasize that the ratios am determined 
from the daily averages of the whole time series data were 
not found to be significantly different from those de­
scribed above. This can be viewed as evidence for the 
justification of the data selection procedure employed here.
From Tables VI and VII, we have plotted in Figure
16 for both the Mt. Washington and Durham stations the
average values of the ratios am for the Forbush decreases 
along with those for the 11-year cosmic-ray intensity vari­
ation as a function of the neutron multiplicity m. It is 
observed that at both the stations and in both the cases the 
ratio am decreases with the increasing multiplicity m. For 
a number of Forbush decreases occurring in 1966-67, similar 
results have been reported by Griffiths et al. (1968) and
Ishida and Kodama (1969). Further, it should be noted that
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at either station the variations of a with m for the For-in
bush decreases do not appear to be significantly different 
from those for the 11-year variation.
2. Pioneer 8 Cosmic-ray Telescope and 
Neutron Monitor Network Data
Very recently Lockwood et al. (1970) have made a 
detailed comparison of the rigidity dependence for the 
three Forbush decreases (June 11, September 30 and October 
29) occurring in 1968 with that for the 11-year variation of 
cosmic-ray intensity. The data used were the cosmic-ray in­
tensities measured by the Pioneer 8 cosmic-ray telescope 
that responds to protons of energies > 60 MeV and by 
ground-based neutron monitors located at different vertical 
cutoff rigidities. The details of that study are included 
in Appendix D and the results obtained are summarized in 
Table VIII. In this table we have listed the values of the 
ratios a of the fractional changes in the counting rates for 
different neutron monitor stations including the Pioneer 8 
detector with those of Durham neutron monitor. The a values 
are listed for both the 11-year variation of cosmic-ray 
intensity and the Forbush decreases (including the three 
additional Forbush decreases occurring in 1969 for which data 
were available from several neutron monitor stations) studied. 
The weighted averages of the ratios a determined from all 
the Forbush decreases are also included. The summary of 
many stations in this table shows the small difference in the 
rigidity dependence of the Forbush decreases and the 11-year
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variation. In particular, it can be seen that the 11-year 
variation has a rigidity dependence larger than the Forbush 
decreases considered.
3. Diurnal Variation of the Neutron 
Multiplicity Spectrum
The flux of the galactic cosmic radiation incident 
on the earth is known to be almost isotropic except for a 
small directional component of the order of 0.3% which 
manifests itself as a daily variation in the counting rates 
of ground-based neutron monitors. The mean daily variation 
has been found to be energy-independent over the limits 
measurable by ground-based neutron monitors and to have a 
direction in space about 90° E of the sun-earth line in the 
ecliptic plane [Rao et al. (1963), McCracken and Rao (1965)]. 
These features are not inconsistent with the theory of 
cosmic-rays partially corotating with the Sun [Parker (1964, 
1967), Axford (1965) and Gleeson (1969)].
We have made a study of the mean diurnal variation 
as a function of the neutron multiplicity (m). The data 
used for this study are the neutron multiplicity rates 
recorded at Durham during the period December, 1968 to 
September, 1969. The daily waves are determined by the meth­
od of harmonic analysis.
Let AR(t) be the percent variation of counting rate 
at local time t (hours) from the daily mean counting rate R 
where R is determined by the method of running averages.
Now, as the name implies the diurnal variation of cosmic-ray
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intensity is a periodic variation with a period of 24 hours. 
This can be seen from Figure 17 in which the values of AR(t) 
for different neutron multiplicities averaged over the above 
mentioned period are plotted as a function of local time.
The relatively larger scattering of data points for the 
higher neutron multiplicity rates is, again, most probably 
due to poorer statistics. Therefore, the variation AR(t) 
can be described by
AR(t) = C cos (wt - <j)) (51)
where C is the amplitude of daily variation, <j> is the phase 
angle at which the maximum of the variation occurs and w = 
2ir/24 is the angular frequency. We can also write equation 
(51) as
AR(t) = A cos wt + B sin wt (52)
where A = C cos <j> and B = C sin <J>. Thus it is evident that 
C = (A2 + B2)1/2 and <}> = tan-1 B/A (53)
Again from equation (52), on account of the orthogonality 
relations of cosine and sine functions, we have
1 24A = Yo s AR(t) cos wt (54a)
t=l
and
1 24B = y t  s AR(t) sin wt (54b)
t=l
Thus from the observed AR(t) we can determine the amplitude C 
and the phase angle <j> of the daily variation. Further, if 
a,, and a_ be the standard errors of A and B respectively,A a






where a± is expressed in radians (Sandstrom, 1965).
First of all, for each neutron multiplicity m, the 
daily values of the components A and B of the amplitude 
were determined from equations (54). From these, the monthly 
averages of A and B were calculated excluding those days 
during which Forbush decreases occurred. Again, the monthly 
averages were used to obtain the averages A and B for the 
whole period (10 months) which we shall call the annual 
averages. Then the annual averages C and $ were determined 
from equations (53) . The standard deviations a_ and a_, of
A  .b
the monthly means from the annual mean were utilized to 
determine the standard errors ag and a- from equations (55).
(ij>) for different neutron multiplicities are shown in 
Figure 18. Within the standard errors shown, it is concluded 
that there is no significant dependence of either the 
amplitude or the phase of the mean diurnal variation upon the 
neutron multiplicity. The magnitude and the direction of the 
anisotropy are seen to be in general agreement with those 
reported by McCracken and Rao (1965).
The mean values of the amplitudes (C) and phases
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CHAPTER VIII 
DISCUSSION OF RESULTS AND CONCLUSIONS
It is shown (Tables VI, VII and Figure 16) that the 
regression coefficient am (or the ratio of the fractional 
change in the counting rate of multiplicity m to that of 
total neutron counting rate of the monitor) is a function 
of the neutron multiplicity m. It is found that at both the 
Mt. Washington and Durham neutron monitor stations the ratio 
am decreases with the increasing multiplicity m. This is 
essentially true of both the Forbush decreases and the 11- 
year variation of the cosmic-ray intensity. These obser­
vations are in essential agreement, at least qualitatively, 
with the idea that higher neutron multiplicities derive 
their counting rates from the primary particles of increas­
ingly higher rigidities and that the higher rigidity 
particles are modulated relatively less than the lower 
rigidity particles. But it should be noted that the vari­
ations of am with m for the Forbush decreases do not appear 
to be significantly different from those for the 11-year 
variation. In other words the Forbush decreases and the 11- 
year variation appear to have similar rigidity dependence.
On the other hand, it has been observed that there is 
a small difference in the rigidity dependence of the Forbush 
decreases and the 11-year variation. This is evident by com­
paring the changes in the counting rates of several neutron 
monitors located at different vertical cutoff rigidities and
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the Pioneer 8 cosmic-ray telescope that responds to primary 
protons of energies in excess of 60 MeV relative to the 
changes in the counting rate of Durham neutron monitor 
(Table VIII). In particular, it is noted that the 11-year 
variation has a rigidity dependence slightly larger than 
the Forbush decreases considered. A further discussion on 
this point will be found in Appendix D.
The magnitude and the direction of the anisotropy 
(Figure 18) in the cosmic-ray flux as inferred from the 
neutron multiplicity spectrum are found to be practically 
independent of the multiplicity but consistent with the 
results obtained earlier by McCracken and Rao (1965) from 
neutron monitor records.
The rigidity dependence of the Forbush decreases 
and the 11-year variation of the cosmic-ray intensity as 
observed by the two different methods appears to be incon­
sistent. To resolve the inconsistency we can compare the 
corresponding changes in the counting rates predicted on 
the basis of the differential response functions by 
assuming a rigidity modulation function. Lockwood and 
Webber (1967a) by considering the neutron monitor records 
from 1958 to 1965 and the direct primary measurements at 
lower rigidities have shown that the 11-year variation over 
the rigidity range 1 < P < 50 GV can be described by a 
rigidity modulation function of the form exp(-k/P). In 
this function the parameter k which is essentially time
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dependent is determined by the magnitude of the change in 
the cosmic-ray intensity between two different times. 
Therefore, to make allowance for variations in the rigidity 
dependence of the 11-year solar modulation and the Forbush 
mechanism, we shall assume a modulation function of the 
form exp(-k/Pn). We have used the differential response 
functions for neutron monitors due to Lockwood and Webber
(1967) and for the Pioneer 8 detector the primary spectrum 
data obtained by Webber (1965) . For the neutron multiplic­
ity spectra the differential response functions used are 
those shown in Figure 6. The fractional changes in the 
various counting rates are calculated from equation (37) by 
taking f(P) = exp(-k/Pn) and Pu = 100 Gv, the upper limit 
of rigidity modulation.
The 11-year variation for the neutron monitor data 
can be fitted with the modulation function exp(-k/Pn) for 
n = 1.0 and k = 1.1 for the period July, 1966 to December, 
196 8 except the Deep River neutron monitor which shows a 
relatively poor tracking with the rest of the stations 
(Table DI). The observed ratio of the fractional decreases 
in the counting rate of the Pioneer 8 detector to that of 
Durham neutron monitor from December, 1967 to December,
1968 is also consistent with this form. The neutron multi­
plicity spectral changes observed at Mt. Washington during 
the period November, 1967 to August, 1969 can be obtained 
from the modulation function exp(-k/Pn) with n = 1.0 and 
k = 1.1. But at Durham the magnitude of variation over the
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period July, 1968 to August, 1969 being relatively smaller, 
the multiplicity spectral changes are seen to be in agree­
ment with the same functional form with n = 1.0 and k =
0.7. Before calculating the fractional changes in the 
counting rates corresponding to the period of Forbush 
decreases, the various response functions were modulated 
by exp(-1.7/P) to account for the long term change which 
occurred between May, 1965 and June, 1968. The value of k 
varies from event to event depending upon its magnitude but 
for the Forbush decreases considered in this study it is 
found that 0.2 < k < 0.9. However, in all the cases, the 
fractional changes observed in the counting rates of the 
neutron monitors, the Pioneer 8 cosmic-ray telescope and the 
neutron multiplicity spectra are seen to be consistent with 
the modulation function exp(-k/Pn) for n = 0.7. These re­
sults clearly show that the rigidity dependence of the 11- 
year solar modulation is slightly larger than for the Forbush 
decreases and that the response functions of neutron multi­
plicities are not sensitive enough to separate this small 
difference. However, it should be emphasized that the choice 
of the modulation function exp(-k/Pn) does not preclude other 
forms and has been used merely to test the relative sensi­
tivity of the response functions.
As a result of this investigation it is concluded 
that although the role of the neutron multiplicity analyzer 
in the study of cosmic-ray intensity-time variations is 
essentially complementary to the world-wide neutron monitor
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network, it by no means appears to be a superior technique. 
The primary energy response of the highest recorded neutron 
multiplicity with a reasonable statistical accuracy in the 
counting rate is considerably lower than that of an equa­
torial cosmic-ray neutron monitor station. This severe 
limitation on the potential of the measured neutron multi­
plicity spectrum as an energy analyzer seems to stem from 
the exponential nature of neutron production spectrum 
(equation 1) in the local lead-producer of the monitor.
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a p p e n d i x a
Calculations of Neutron 
Multiplicity Specific Yield Functions
Following the discussion of Chapter II [equations 
(10) and (11)] we may write the rate of events of multi­
plicity m occurring in a neutron monitor in terms of an 
equivalent secondary nucleon differential energy 
spectrum incident on the monitor as
Rm = N(Es)dEs P(Es)v|m I(Es/v) B (m, v)
E .m m
The various quantities occurring in this equation are 
defined as follows:
m = rate of events of multiplicity m
Eg = energy of secondary nucleons
incident on the monitor
N(E ) = differential energy spectrum of
s secondary nucleons
P (E ) = probability that an incident
nucleon of energy E will interact 
in the monitor s
I(Eo,v) = probability that a nucleon of 
energy E upon interacting in 
the monitor will produce v neutrons
s
B(m,v) = probability that out of v neutrons 
produced, m will fall within the 
gating period of the analyzer
E .n = minimum energy required of secondary 
nucleons to penetrate the monitor in 




Now from equation (Al) it follows that 
dR77i oo




-yrF = N(E )s (E ) (A2)dE ' s m s  ' 's
sm (Es) = P(Es)vZmI(Es,v)B(m,v) (A3)
The quantity sm (Es) is basically the energy response function
of multiplicity m in a neutron monitor to the incident
secondary nucleons.
Now we wish to recall equation (36) which is analogous
to equation (A2) and when expressed in terms of energy E of
P
primary cosmic radiation incident at the top of the earth1s 
atmosphere can be written as 
dR
ggi2= j(E )Sm (E > <A4)
P
at a fixed atmospheric depth x and time t. In equation (A4)
j(E ) is the primary differential energy spectrum while 
dRmffjj;-- and S (E ) are respectively the differential energy
p m p
response and the "specific yield" function of multiplicity
m. We are interested in finding a relationship between
S (E ) and s (E ). For this purpose we need to know the m p m s c
mechanism of the development of the secondary nucleon 
energy spectrum when the primary cosmic radiation propa­
gates through the earth's atmosphere.
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We have used a simple model for the propagation
of cosmic radiation through the earth's atmosphere
(Cranshaw and Hillasy 1960). This model has also been
used previously by several authors in an attempt to
determine the secondary nucleon energy spectrum [Brooke
et al. (1964), Coxell et al. (1966), Hatton and Griffiths
(1968)]. The model assumes that a primary cosmic ray of
energy E undergoing i interactions in an atmosphere of 
P
depth x gives rise to a single secondary cosmic ray of 
energy Eg = T^e elasticity f is defined as the
fraction of the initial energy retained by an inter­
acting nucleon after inateraction and is assumed to be 
constant. The probability of having undergone i inter­
actions follows a Poisson distribution and is given by
In this equation b is the mean number of interactions and 
is determined by
where X is the mean interaction length of nucleons in 
the atmosphere.
i interactions in the atmosphere of depth x will result in
(A5)
(A6)
Let us introduce a quantity G^(Es ,Ep), the proba­
bility that a primary particle of energy E upon encountering
a secondary nucleon of energy E . It will be immediatelys
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recognized that
G. (E ,E ) = P(i,b)1' s ' p
Therefore the number of secondary particles with energies
lying between E and E + dE and originating from s s s
primaries in the energy range E and E + dE , is
P P P
n(E )dE = G. (E ,E )j (E ) dE s s 1 s ’ p J p p
dr
Now if we define a quantity = the differential counting
s
rate of multiplicity m contributed by n(Es), then according 
to equation (A2)
dr
= n(E )s (E ) dE v s m v s
Substituting n(Eg) from (A8) in (A9) we get
dr dEm = G. (E ,E ) j (E ) (— 3=^)8 (E ) dE i s ' p J p dE m ss c s
But from the chain rule of differentiation
dr dr dEm _ m p
dE dE dEs p s
From (A10) and (All) we obtain 
dr
m = G, (E , E ) j (E ) s (E )dE i v s ' p J p m s  
P
Summing this result over all possible values of i we get 








dR dr m _ °?  m
dE i=o dE 
P P
= . E G. (E ,E ) j (E ) 1=0 1 s' p J p
E
P
Comparing A (13) with (A4) we get the required relation­
ship between S (E ) and s (E ),i.e. c m p m s
S (E ) = .£ G.(E ,E )s (E ) m p i=o l s' p m s
In this result it is to be noted that summation over i
implies summation over E as E = f1E . Thus, in c s s p
principle, it is possible to calculate the "specific
yield" function Sm (Ep) from a knowledge of the probability
function G^(Es ,Ep) and the secondary energy response
function s (E ) of a monitor, m s
It is evident that the probability function
G^(Es ,Ep) can be obtained from the knowledge of the
parameters X and f of the propagation model. We have
used the values of the interaction length X and elasticity
_2
f for nucleons as 80 gm cm and 0.5 respectively (Brooke
et al., 1964). The function s (E ) for an IGY monitor 1 ■ m s
has been obtained from the secondary differential response 
functions (Figure 2) and the secondary nucleon energy 
spectrum used in deducing these functions (Hughes and 
Marsden, 1966). The resulting specific yield function 
Sm (Ep) was converted to Sm (P), the specific yield function 
in terms of primary rigidity using the relation





for protons where Eq is the proton rest energy. Then 
using the primary rigidity spectrum data of Webber
(1965) we were able to obtain the required differential 




Corrections for Dead Time Loss and Probable 
Coincidences in Neutron Multiplicity Spectrum
The lifetime of neutrons in the monitor plays an 
important role in the measurement of multiplicity spectrum.
In particular, it is directly involved in the evaluation 
of the corrections to be made in the measured multipli­
city spectrum. Therefore first we summarize the results 
of various measurements made to determine this quantity.
The neutrons produced in the local lead-producer 
diffuse through the monitor as they are slowed down. 
Consequently, both leakage and absorption of neutrons 
in the monitor is involved. The number of neutrons N(t) 
at time t is given by
N(t) = Noe”t/,T (Bl)
where Nq is the number of neutrons resulting from an 
interaction and T is their mean lifetime in the monitor.
The BF^ counters accordingly record neutron chains in
which the number of neutrons is an exponentially decreasing
function of time. If the time of interaction is used as
zero time, the detected neutron time distribution is
called the "real" distribution. But in the multiplicity
analyzer the time of first detected neutron is used as
the zero of time scale. For this case the detected
neutron time distribution is called the "apparent" distribution.
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Hughes et al. (1964) using a spectrograph to 
detect the interacting particles have measured the 
"real" time distribution in an IGY neutron monitor.
In the region 50 to 700 microseconds the time distribu­
tion was found to be an exponential with a time constant 
(mean life) of 169 microseconds. However for time 
greater than 250 microseconds, the statistics were not 
very good. Bachelet et al. (1964) and Dyring et al. 
(1966) have measured the "apparent" neutron time distri­
bution for the IGY monitor using the variable dead time 
technique. The results of Bachelet et al^ . (1964) showed 
a knee around 100 microseconds and for time less than 
100 microseconds they obtained a neutron lifetime of 
about 170 microseconds. This time is of the order of 
the lifetime of neutrons in an infinitely large box of 
paraffin. But for time greater than 100 microseconds 
a much longer lifetime of about 300 microseconds was 
found. The existence of two different lifetimes is an 
indication of departure from a purely exponential neutron 
time distribution. The measurements of Dyring et al.
(1966) also showed departure from a simple exponential 
decay with increasing dead time and they obtained a 
neutron lifetime of 180 microseconds calculated for dead 
times up to 125 microseconds. On the other hand, Hatton 
and Carmichael (1964) have made a similar measurement 
for the NM-64 neutron monitor. Their results showed a
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single exponential decay up to dead times of 1200 micro­
seconds with a neutron lifetime of 326 microseconds.
More recently Hatton and Tomlinson (1968) have 
measured both the "real" as well as the "apparent" time 
distribution of neutrons in the monitors. A 400-channel 
pulse height analyzer operated in the time mode was used 
to record the neutron pulses as a function of time.
These measurements also showed that the neutron time 
distribution was not a pure single exponential but rather 
the sum of two exponentials. The "apparent" neutron time 
distributions were also measured separately for the inner 
and outer (reflector) moderators in the IGY monitor.
These distributions were found to be pure exponentials. 
The mean lifetime for neutrons thermalized in the inner 
moderator was estimated to be 135±5 microseconds and for 
those thermalized in the outer moderator was found to 
be 470±20 microseconds. In the complete monitor the time 
distribution of the neutrons thermalized in the outer 
moderator is modified by the inner moderator through 
which the neutrons must pass before they can be detected 
in the BF^ counters. Therefore 470 microseconds has to 
be considered as an upper limit on neutron mean lifetime 
in an IGY-type monitor.
Hatton and Carmichael (1964) had shown previously 
that in an NM-64 monitor nearly 65% of the detected 
neutrons were thermalized in the inner moderator. Thus 
it was possible, assuming that the same percentage of
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neutron is thermalized in the inner moderator of the 
IGY monitor as in the NM-64 monitor, to write
N (t) = 0.65 e“t//135 + 0.35 e-t//47°
This neutron time distribution was found to be in good 
agreement with the experimental measurement of the 
"apparent" neutron time distribution for the complete 
monitor. Thus the two different lifetimes could be 
associated with two different modes of diffusion in the 
inner and outer moderators. For the NM-64 monitor it 
was found that
N (t) = 0.65 e“t//325 + 0.35 e-t/52°




f = I N(t)dt
I N(t)dt
where T is the gating time. It can be seen that for a g
gate length of 1000 microseconds the gating efficiencies 
from neutron time distributions (B2) and (B3) are approxi­
mately equal to those obtained from a single exponential 
neutron time distribution with time constants of 300 and 
400 microseconds respectively. Moreover there may be 
experimental uncertainties in the values of the mean life­
times. Thus, for the sake of simplicity it has been 





mean lifetimes of 300 and 400 microseconds in the IGY 
and NM-64 monitors respectively.
Now we consider the corrections to be made in 
the measured multiplicity spectrum. In the multiplicity 
analyzer the possibility of a gate being initiated by 
residual neutrons associated with a preceding event is 
precluded by the imposed dead time of 1000 microseconds.
Thus we need to consider the corrections due to probable 
coincidences of two or more random events within the 
gate time and the loss of events due to the imposed 
dead time.
The neutrons in the monitor are assumed to be
randomly distributed and therefore their statistical
behavior is determined from a Poisson's distribution.
Let T and T, be the gate time and the dead time of the g d *
multiplicity analyzer respectively. If R' is the observed
g
rate of events (gate rate) and R^ is the observed rate of
events of multiplicity m, then
I, R' = R" (B5)m=l m g
The gate rate R^ corrected for dead time loss is given by
R'
R = --------- 2------
y 1 - Rg (T + Td) (B6)
The rate of events r corrected only for dead time lossm J
can be obtained from the observed rate R' asm
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R"mr =m -R T
[l - R-* (T + T,)le g g *• g g d J
-R T
In equation (B7) e g g is the probability that there
will occur no event during the gate time T due to random
distribution of events whereas normally, on the average,
there should occur R T events. Puttingg g y
g g
we can write
r = R"D m m
“R T
[1 - R-* (T + T,) ]e g g
= D
The effect of probable coincidences of two or 
more events falling within single gate length is slightly 
involved and can be estimated only approximately. Let a 
nuclear interaction in the neutron monitor, where in addi­
tion to the initial neutron other (k-1) neutrons are 
detected in the BF-, counters within the gate time T , be
g
designated as a "k-event." Further, let t be the time 
at which the first neutron is recorded after the gate is
opened. The probability w (t) to record (£-1) additionalx>
neutron pulses from a k-event during the remaining time 
(T — t) obeys the binomial distribution (Debrunner and 
Walther, 1968)
£-1
W £ = (k-£)(! (£-1) ! [1 ” SXP ( 2T J 1 [8XP ( S? 5
 rj-i — rp l“k






In this expression (k-1) [1 - exp (—^-) ] is the original
number of neutron pulses available for detection in the
BF^ counters because (k-1) is the number detected during
gate time T from an exponentially decaying chain of 
g -T + t
neutrons. The factor [1 - exp(— 2----)] is the probability
that a neutron will be detected during the time interval
-T + t -T
(T - t) . It can be seen that [exp (— 2_--- ) _ eXp (——2.) ] =
5 "Tq + t "Vtexp (— ^ --- ) (1 - e ' ) and is therefore the combined
probability that a neutron will not be detected during 
the time interval (T - t) but will be detected during 
a time interval t after the gate is closed. The average 
value of probability W (t) isXj
T
g
rrk 1W. = w£(t)dt
Now the rate of events R corrected both for them
dead time loss and the probable coincidences will be 
given by
R = r (all the possible combinations 
of probable coincidences









and so on. It is evident that with increasing multipli­
city the number of correction terms becomes increasingly
prohibitive. But from the shape of multiplicity spectrum
■—kand the nature of it can be seen that the contribution 
from higher order correction terms is negligible. There­
fore for practical purposes it may be assumed that the 
coincidences of three or more events are insignificant 
except for the triple coincidences of single multiplicity 
events because of their relatively higher rate of occurrence 
In this approximation the complete expression for Rm cor­
rected both for the dead time loss and the contribution 
from probable coincidences assume the following form:
= R£D
R2 = [R'D - R|TgWj] [1 + RlTgW|]
-1
R3 = [R5D - 4- R|TgW* + l/2Rj(TgWl>2 + R ^ T ^ * ) ]
X U  + RlTgW2] *
R4 = [RJD - {R3R1TgWl + R3R2TgW| + R| (R^gWl)2 + R|TgW|
2
_ 2     _
+ R„R_T W3 + R0 (R.T ) + R R_T W|}]2 3 g 2 2 l g  1 2  1 3 g J
x [1 + r W ]  1
_ 1
Rk - [RJD - {*11 RiR^iTgifj;}] tl + R ^ w ^ ]  ,5SkS8
r>,9 “ r>:9
On computing equation (B19) for k = 8, it was found that 
Rg=Rg and for this reason it was not considered necessary









On Altitude Dependence of the Barometric Coefficient 
of Cosmic-Ray Neutron Monitors*
P. Singh and J. A. Lockwood




High Altitude Research Laboratory 
Gulmarg, India
The barometric coefficient 3 for a cosmic-ray neutron 
monitor as a function of latitude and altitude has been ob­
tained experimentally by Simpson and Fagot (1953), Bachelet 
et al. (1965a), and by Carmichael and Bercovitch (1969) .
The main results are shown in Figure Cl, which is essentially 
adapted from Figure 5 of the paper by Carmichael and 
Bercovitch. The barometric coefficient increases with the 
latitude of the neutron monitor stations. It also increases 
with atmospheric depth from 200 to 500-600 mm Hg, thereafter 
decreasing smoothly to sea level (760 mm Hg). The increase 
in the barometric coefficient with decreasing cutoff ri­
gidity of the station can be understood in terms of a de­
crease in the absorption length L (3 = 1/L) of the lower 
energy particles contributing to the counting rate of the
♦Submitted for publication to the Journal of Geophysical 
Research.
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monitor. Likewise with, increasing atmospheric depth the 
secondary nucleons are degraded in energy, leading to an 
increase in 3 (or a decrease in L) at least up to 600 mm 
Hg level. However, this does not explain the observa­
tions at pressures greater than 600 mm Hg because the 
secondary nucleonic energy continues to decrease all the 
way to sea level but the barometric coefficient 3 shows a 
steady decrease below 600 mm Hg. Bachelet et al. (1965a) 
suggested that this behavior of 3 with the atmospheric 
depth might be explained by the contribution to the neutron 
monitor rate by neutrons produced by stopping muons in the 
lead of the monitor. Since 3 for muons is smaller than for 
nucleons, a larger percentage contribution near sea level 
from muons would cause an overall decrease in 3 for the 
monitor.
While assessing quantitatively the contribution of 
muons to 3 Carmichael and Bercovitch (1969) first pointed 
out that the contribution of muons in an IGY monitor is 
only 4% at 2 GV cutoff (Harman and Hatton, 1968) and at sea 
level, compared to a value of 7% (Hughes and Marsden, 1966). 
They have further shown that only a fraction of the de­
crease for atmospheric depths greater than 600 mm Hg can 
be explained by assuming a 7% contribution of muon-produced 
neutrons. The constant background rate due to natural 
radioactive contamination of the lead in the monitor is also 
not a possible explanation for the decrease in the
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barometric coefficient in the lower atmosphere. The al­
titude dependence is explained by the contribution of 
secondaries arising from obliquely incident primaries to 
the monitor rate. This contribution changes as a function 
of atmospheric depth, being least at sea level.
At a particular depth, the secondary nucleons ar­
riving at an inclined direction to the vertical pass 
through a larger air mass than vertically arriving parti­
cles. Thus, L is smaller for non-vertical particles.
Since the percentage contribution of these particles to the 
monitor rate decreases with increasing atmospheric depth, 
this effectively leads to a decreasing barometric coeffi­
cient from 200 to 760 mm Hg. Combining this effect with the 
previously mentioned increase in 3 with atmospheric depth due 
to degradation of secondary nucleonic energy, the behavior of 
3 with altitude is shown in Figure Cl.
If this explanation is correct, then 3v , the baro­
metric coefficient for only vertically incident particles in 
a neutron monitor, should increase continuously with atmo­
spheric depth. Carmichael and Bercovitch (1969) have at­
tempted to determine 3v using the Gross transformation as 
given by Rossi (1952). The form given by Rossi assumes an 
exponential absorption of the intensity as a function of the 
atmospheric depth. However, the absorption is not expo­
nential throughout the atmosphere (Figure Cl). Consequently 
no definite increase in 3y with atmospheric depth is observed.
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In this note, we have attempted to find 3v by a
simple, direct method using the generalized Gross trans­
formation (Janossy, 1950) , that relates the vertically 
incident flux to the omnidirectional flux as a function 
of atmospheric depth. The only assumption made is that 
the absorption in any direction is a function of mass 
traversed in the air.
Where Nv (x) is the intensity in the vertical direction at 
depth x, N(x) the omnidirectional intensity and 3 (x) the 
omnidirectional barometric coefficient which is the 
quantity observed experimentally. 3 (x) by definition
At depth x the Gross transformation is
2n <x> = B(x) [1-x SLjjji
or
2JI Nv (x) = N (x) [1 + x3 (x) ] (Cl)
—  . Differentiating equation (Cl) with respect
to x, we get
N(x) - Nv (x)
dNv (x) dN (x) 
dx3 (x) + x ^  = 2n
N2 (x)
or
[1 + x 3 (x) ] [3 (x) - 3v (x) ]
thence
x 3 2 (x ) -  x j  
ev*x  ^ 1 + x3 (x) (C2)
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dSKnowing 3 (x) and as a function of depth, (corrected 
for muon and background count effects) we can find ?y (x) 
as a function of atmospheric depth, which is shown in 
Figure C2 for stations with cutoff rigidities of 2 and 
13 GV. 3v now increases continuously with atmospheric 
depth without an inversion of the slope in contrast to 
3v curves of Carmichael and Bercovitch (1969). We 
presume that the flatness in the curves of Carmichael 
and Bercovitch (or even the slight inversion with alti­
tude for Pc = 13 GV) in the lower atmosphere is caused by 
the approximate method used for the derivation of Bv - In
the present calculation of 3 the only source error is 
d8determining ^  values from the 3 curve. But this does not
dBaffect the results seriously because the value of ^  is 
much less than 32 (equation C2). The unambiguous increase 
in Bv now obtained confirms that the form of the 3 curve 
(Figure Cl) is essentially due to two effects: first, the
degradation of secondary nucleonic energy in the atmo­
sphere, which causes a continuous increase in 3 as a 
function of atmospheric depth; and second, the contribution 
of obliquely incident cosmic rays which have an apparently 
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ABSTRACT
Comparisons have been made of the cosmic-ray intensi­
ties measured by the Pioneer 8 detector and by ground-based 
neutron monitors located at different vertical cutoff rigid­
ities for three Forbush decreases in 196 8 and for the 11- 
year solar modulation. It is observed that the rigidity 
dependence of the three large Forbush decreases was substan­
tially different than the corresponding 11-year variation at 
rigidities from <1 Gv to >50 Gv.
INTRODUCTION
It has been noted (Lockwood and Webber, 1969)that 
the rigidity dependence of the Forbush decrease on January 
26, 196 8, was quite different from that of the 11-year 
solar modulation of the cosmic radiation. This difference
*Submitted for publication to the Journal of Geophysical 
Research.
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was apparent at low energies as evidenced by changes in the 
counting rates of detectors on the Pioneer 8 space probe, 
as well as at high energies as reflected in the relative 
changes in the Mt. Washington and Kula monitor rates. In 
this bried report we present data from three additional 
large Forbush decreases in 1968. These data were acquired 
by the cosmic-ray detectors on Pioneer 8 and by ground- 
based neutron monitors at different vertical cutoff rigid­
ities. These data show clearly that the two types of 
variations have a different rigidity dependence.
The conflicting results on the similarity or dif­
ference in the rigidity dependence of these variations 
arise because the difference is only apparent after careful 
analysis with cosmic-ray detectors covering an extended 
rigidity range from < 1 Gv to > 50 Gv. For example, 
McDonald and Webber (1960), Webber (1962), and Nerurkar and
Webber (1964) found the rigidity dependence of the Forbush 
mechanism to be reasonably similar to that of the 11-year 
variation. This is still essentially correct within the 
energy ranges referred to in these references. More recent 
analyses by Balasubrahmanyan and Venkatesan (1970) com­
paring the IMP Geiger tube data with a neutron monitor at 
low cutoff rigidity found the two variations to be similar. 
The difficulties of such a comparison are discussed later. 
On the other hand, the deductions of McCracken (1960) and 
Kane (1966) at higher energies using neutron monitors only
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agree with our results.. The recent observations of Kane
and Winckler (1969) who compared the gross variations of
ion chambers on OGO-2 and 0G0-4 with neutron monitor
changes also found the rigidity dependence of Forbush
decreases and the 11-year variation to be different.
To determine the rigidity dependence of the Forbush
variations we have first compared the counting rates of the
Pioneer 8 cosmic-ray telescopes that respond to protons of
energies E > 1 2  and E > 6 0  MeV with the rates for the Mt.
P P
Washington neutron moniter (P = 1.3 Gv). When making suchv
comparisons, there are two sources of error which must be
carefully considered.
First, the background contributions to the counting
rate of the cosmic-ray telescope on the spacecraft from
X-rays, electrons and locally produced secondaries must be
known. If this background changes with time, an apparent
variation of the galactic protons will be introduced. This
is particularly important when only integral counting rates
from a Geiger tube or an ion chamber are available. In the
Pioneer 8 cosmic-ray telescope (E > 12 and E > 6 0  MeV
P P
channels) the background counting rates due to these effects 
in the energy channels used were less than 10%.
Second, since considerable solar flare activity is 
associated with the time period during Forbush decreases, 
there are generally appreciable contributions in the lower 
energy channels at these times from solar-flare protons.
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Several energy channels with some type of particle dis­
crimination are required to evaluate the contributions of 
solar cosmic-rays to the upper energy channels used for 
monitoring the galactic cosmic-ray intensity. In the 
Pioneer 8 cosmic-ray telescope particle-species discrimi­
nation and several low-energy channels were available for 
this purpose. By inspecting the rates in the lower energy 
channels, time periods may be selected during which the 
contribution of solar protons to the higher energy channels 
is small.
The daily average rates for the Pioneer 8 cosmic-ray
telescope (E > 6 0  MeV) and the Mt. Washington neutron 
P
monitor for the period selected in this study are plotted 
in Figure Dl. The position of the spacecraft with respect 
to the sun is indicated for times near the Forbush decreases 
selected.
In Figure D2 the daily average counting rates for
the Pioneer 8 detector (E > 6 0  MeV) are plotted against the
P
daily average rates of the Mt. Washington monitor (P =
1.3 Gv) for three Forbush decreases occurring in 1968. The 
counting rates in the lower energy channels of the Pioneer 
8 telescope were carefully inspected for the effects of 
solar-flare protons. When the presence of solar-flare 
protons was clearly identified, the data for those hours 
were deleted from the analysis. The average of the ratio a 
of the fractional changes of the rates for the Pioneer 8
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detector to those of the Mt. Washington neutron monitor
is 2.2 ± 0.3. The a values, with the errors shown, were
determined from the two-parameter correlation formula
a = 1/2(a + 1/a ) where a is the regression coef-yx xy yx
ficient of y upon x.
A similar plot for the part of the 11-year 
variation in 1968 during which data were available from 
the Pioneer 8 cosmic-ray telescope is shown in Figure D3.
The data points here are monthly averages based upon corre­
sponding days for each detector. The ratio a of the frac­
tional changes of the Pioneer 8 detector and the Mt. 
Washington monitor is now 3.9 + 0.3 and was determined in 
exactly the same manner as for the Forbush decreases. Days 
during which Forbush decreases occurred have not been ex­
cluded from the data shown in Figure D3. However, it should 
be emphasized that exclusion of Forbush decrease days 
changes a for the 11-year variation by less than the stan­
dard deviation shown. It is clear that in the energy range 
sampled by the Pioneer 8 detector (mean response ~2 Gv) and 
by the Mt. Washington neutron monitor (mean response ~10 Gv) 
the Forbush decreases have a much smaller rigidity depen­
dence than the 11-year variation.
The ground based neutron monitor network was also 
examined to determine whether these three Forbush decreases 
and the 11-year variation as observed in 1968 have a dif­
ferent rigidity dependence at higher rigidities. We have
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plotted in Figure D4 the daily average neutron counting 
rate at Kula (P = 13.3 Gv) against that at Mt. Washington 
(P = 1.31 Gv) for the three Forbush decreases in question. 
The average value of the ratio of the changes in these two 
monitors is 0.31 ± 0.03. This should be compared with the 
ratio of 0.25 ± 0.01 obtained from the plot of the monthly 
average neutron counting rate at Kula against that at Mt. 
Washington for the 11-year variation over the period from 
July, 1966 to December, 1968 (Figure D5). The significance 
of this relatively small difference becomes apparent when 
all the neutron monitor data in Table VIII are examined.
Again, we see that at high energies (mean response 
of Kula neutron monitor is ~50 Gv) the Forbush decrease has 
a slightly smaller rigidity dependence than the 11-year 
variation. Since the changes occurring in the Kula neutron 
monitor (or any high cutoff rigidity station) are small, 
it is conceivable that systematic long-term drifts might 
have a pronounced effect on the ratio determined for the 
11-year variation. For this reason we have included ad­
ditional data from several neutron monitors with different 
vertical cutoff rigidities and the results are summarized 
in Table Dl. It must be emphasized that careful inter­
comparisons of the neutron monitor data for the 11-year 
variation are required to reduce the effects of long-term 
drifts in the data. This is not a problem for the Forbush 
decreases. Therefore, we have only included a sample of
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neutron monitor data in Table VIII for the Forbush events. 
The summary of many stations in this table clearly shows 
the small difference in the rigidity dependence of the three 
Forbush decreases and the 11-year variation.
When comparing the daily average counting rates of 
the Pioneer 8 cosmic-ray detector (E^ > 60 MeV) with the 
rates for the Mt. Washington neutron monitor, large depar­
tures are observed from the average regression curve for 
the 11-year variation between these detectors. These depar­
tures are apparently a measure of the different rigidity 
dependence for the short-term modulating effects, including 
Forbush decreases. This variation from the expected re­
gression is in many cases comparable to the expected radial 
gradients. Therefore, we conclude that the normalization 
of spacecraft data for gradient measurements will be in­
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Typical Corrections for Chance Coincidence and 
Dead Time Loss of Events in Neutron Multiplicity Spectrum
-— ^Station 
Mul t ip li city''~'-~--__ Mt. Washington Durham











Barometric Coefficients* (3m) of Different Neutron Multiplicities
Station-*- Mt. Washington Durham
Multiplicity (m) 3 % per m ^ mm Hg 3m% per mm Hg
1 0.995 + .008 0.897 + .004
2 1.026 + .009 1.016 + .005
3 1.077 + .012 1.030 + .008
4 1.114 + .015 1.074 + .010
5 1.175 + .023 1.128 + .013
6 1.219 + .031 1.142 + .019
7 1.173 + .044 1.171 + .026
8 1.228 + .062 1.113 + .033
*9 1.271 + . 066 1.146 + .032
Total Neutron 
Count Rate 1.000 + .008 0.968 + .004
*Sign of is negative
TABLE V
Typical Counting Rates Per Hour












X 101* 9.43 X 10H
X lO4 2.08 X 101*
X 103 6.34 X 103
X 103 2.27 X 103
X 102 9.78 X 102
X 102 4.76 X 102
X 102 2.53 X 102
X 101 1.48 X 102
X 102 3.19 X 102
X 105 1.82 X 105
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TABLE VI
The ratios am of the fractional changes of different 
neutron multiplicity rates with that of the total neutron 
counting rate at Mt. Washington.
Multiplicity(m)
1 2 3 4 + 5 * 6
11-year Variation:
1.085 0.991 0.868 0.666 0.425
+0.015 +0.010 +0.024 + .024 +0.027
Forbush Decreases:
Sept. 30, 1968 1.001 1.048 0.938 0.599 0.496
+0.015 +0.021 +0.033 +0.054 +0.074
Oct. 29, 1968 1.080 1.029 0.873 0.699 0.400
+0.009 +0.014 +0.028 +0.038 +0.055
March 24, 1969 1.044 1.027 0.766 0.706 0.503
+0.030 +0.030 +0.072 +0.094 +0.217
April 13, 1969 1.012 1.030 0.838 0.814 0.540
+0.019 +0.034 +0.076 +0.102 +0.135
May 15, 1969 1.021 0.991 0.880 0.720 0.452
+0.029 +0.027 +0.046 +0.095 +0.061
Weighted average 1.050 1.028 0.885 0.684 0.448
+0.022 +0.026 +0.054 +0.081 +0.124
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TABLE VII
The ratios a of the fractional changes of different m 3
neutron multiplicity rates with that of the total neutron 
counting rate at Durham.
Multiplicity(m)
1 2 3 4 + 5 * 6
11-year Variation:
1.137 1.048 0.886 0.708 0.482
+0.050 +0.048 +0.097 +0.082 +0.064
Forbush Decreases:
Sept. 30, 1968 1.052 1.097 0.977 0.723 ----
+0.026 +0.021 +0.051 +0.046
Oct. 29, 1968 1.061 1.142 1.039 0.892 0.617
+0.009 +0.019 +0.028 +0.035 +0.059
March 24, 1969 1.056 1.081 0.905 0.789 0.461
+0.016 +0.023 +0.037 +0.052 +0.076
April 13, 1969 1.080 1.092 0.933 0.892 0.571
+0.025 +0.015 +0.071 +0.080 +0.078
May 15, 1969 1.029 1.083 1.036 0.795 0.640
+0.019 +0.035 +0.062 +0.070 +0.093
Weighted average 1.057 1.102 0.988 0.824 0.574
+0.020 +0.023 +0.052 +0.059 +0.077
TABLE VIII
The ratios a of the fractional changes in the counting rates for neutron monitors at different P with those of Durham
c
(P = 1.41 GV) neutron monitor, c
Pioneer 8 Mt. Wash- Deep River Mt. Nor- Mina + Kula Huancayo*
Telescope ington ikura Aguilar
Pc -35 1.24 1.02 11.4 12.5 13.3 13.5 GV
A. 11-year Variation 4.64 + 0.37 1.19 + 0.03 0.89 + 0.004 -- -- 0.29 + 0.01 0.26 + 0.01
B. Forbush Decreases
June 11, 1968 2.75 + 0.35 1.10 + 0.05 1.02 + 0.02 0.40 + 0.02 0.40 + 0.02 0.37 + 0.03 0.38 + 0.02
Sept. 30, 1968 3.13 + 0.55 1.36 + 0.04 1.07 + 0.03 0.44 + 0.02 0.57 + 0.05 0.39 + 0.01 0.39 + 0.02
Oct. 29, 1968 2.30 + 0.38 1.28 + 0.02 1.06 + 0.01 0.51 + 0.03 -- 0.40 + 0.01 0.41 + 0.01
March 24, 1969 -— 1.17 + 0.05 1.03 + 0.03 -- -- 0.52 + 0.01 0.57 + 0.12
April 13, 1969 -— 1.29 + 0.02 1.09 + 0.03 -- -- 0.36 + 0.07 0.41 + 0.08
May 15, 1969 -— 1.20 + 0.06 1.06 + 0.04 -- -- 0.36 + 0.06 0.41 + 0.04
Weighted average 2.65 + 0.43 1.27 + 0.04 1.05 + 0.03 0.43 + 0.02 0.42 + 0.04 0.39 + 0.05 0.40 + 0.06
* Stations at mountain elevations
+ Systematic changes make it impossible to determine the 11-year variation for these stations.
TABLE DI
For 11-year variation, a comparison of the ratios of the fractional changes in the counting rates for neutron 
monitors at different P^ where i is any column and j is any row. The standard errors of estimate are given for each 
o and the correlation coefficient listed underneath the a value.
Alert Inuvik Mt. Washington Durham Deep River Kula Huancayo
Pc <0.05 <0.18 1.24 1.41 1.02 13.3 13.5 Gv
0.91 + 0.02 1.01 + 0.03 0.85 + 0.02 0.76 + 0.05 0.25 + 0.01 0.22 + 0.01
Alert 1 0.989 0.978 0.985 0.909 0.961 0.901
Inuvik 1 1.11 + 
0.987
0.02 0.93 + 
0.988
0.02 0.83 + 
0.928
0.04 0.27 + 
0.965
0.01 0.25 + 
0.915
0.01
Mt. Washington 1 0.84 + 
0.986
0.02 0.75 + 
0.938
0.04 0.25 + 
0.955
0.01 0.22 + 
0.927
0.01
Durham 1 0.89 + 
0.9 36
0.04 0.29 + 
0.947
0.01 0.26 + 
0.911
0.02
Deep River 1 0.34 + 
0.870
0.02 0.30 + 
0.851
0.02




Figure 1. The dependence of the produced mean neutron 
multiplicity (v) on the energy (E) of incident nucleons in 
a neutron monitor.
Figure 2. Differential contributions to the rates of 
various neutron multiplicities as a function of the incident 
nucleon energy.
Figure 3. Composition of observed neutron multiplicity 
spectrum from the component spectra for six different energy 
intervals.
Figure 4. Relative fractional contributions to the various 
neutron multiplicity rates for six different energy 
intervals.
Figure 5. Allowed and forbidden regions of the meridian 
plane for the motion of the positively charged particles in 
the field of a magnetic dipole.
Figure 6. The neutron multiplicity differential response_2 
functions for the Mt. Washington IGY (elevation 82 8 gm cm ) 
and the Durham 12NM64(SL) neutron monitors.
Figure 7■ Block diagram of neutron multiplicity analyzer.
Figure 8. The barometric coefficients (8 ) of different 
neutron multiplicities as a function of tne multiplicity (m) 
at the Mt. Washington and Durham neutron monitor stations.
Figure 9. The variations of barometric pressure, pressure 
uncorrected and the pressure corrected counting rates of one 
of the two sections of 12NM64 monitor at Durham on May 8,
1969.
Figure 10. Comparison of neutron multiplicity spectra at 
Mt. Washington (P = 1.24 Gv, altitude = 6200 feet, 12 counter 
IGY monitor) and cDurham (P = 1.41 Gv, sea level, 6 counter 
NM-64 monitor) monitor stations.
Figure 11. Daily averages of neutron counting rates at Mt. 
Washington during the periods of six Forbush decreases. In 
each case the counting rate on the first day shown is 
normalized to 100.
Figure 12. Monthly averages of neutron counting rate at Mt. 
Washington from May, 1965 to December, 1968. The monthly 
average counting rate in May, 1965 is normalized to 100.
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Figures 13a-e. Daily averages of counting rates of 
different neutron multiplicities against those of the total 
neutron counting rates at Mt. Washington during the Forbush 
decreases of September 30, 1968; October 29, 1968; March 
24, 1969; April 13, 1969 and May 15, 1969 respectively.
Figures 14a-e. Daily averages of counting rates of 
different neutron multiplicities against those of the total 
neutron counting rates at Durham during the Forbush decreases 
of September 30, 196 8; October 29, 196 8; March 24, 1969;
April 13, 1969 and May 15, 1969 respectively.
Figure 15a. "Long term" variations of the counting rates of 
different neutron multiplicities as a function of the total 
neutron counting rate at Mt. Washington during the period 
November, 1967 to August, 1969.
Figure 15b. "Long term" variations of the counting rates of 
different neutron multiplicities as a function of the total 
neutron counting rate at Durham during the period July, 1968 
to August, 1969.
Figure 16. The ratios a of the fractional changes in the 
counting rates of the different neutron multiplicities to 
the total neutron counting rates at Mt. Washington and 
Durham for the Forbush decreases and the 11-year variations 
of cosmic-ray intensity.
Figure 17. The percentage variations of hourly counting 
rates from the daily averages for the different neutron 
multiplicities recorded at Durham.
Figure 18. The mean amplitude and phase of the diurnal 
variation of cosmic-ray intensity as a function of neutron 
multiplicity (m) observed at Durham from December, 1968 to 
September, 1969.
Figure Cl. Observed barometric coefficient (% per mm Hg) 
of the nucleonic component as a function of atmospheric 
depth (mm Hg) for stations at cutoff rigidities of 2 and 13 
GV (Carmichael and Bercovitch, 1969).
Figure C2. Derived values of barometric coefficient for only 
vertically incident particles as a function of atmospheric 
depth for stations at cutoff rigidities of 2 and 13 GV.
Figure Dl. Daily average counting rates of the Pioneer 8 
cosmic-ray telescope (E > 60 MeV) and the Mt. Washington 
neutron monitor in 196 8? The spacecraft positions are 
indicated with respect to the sun in A.U.
120
Figure D2. Daily average counting rates of the Pioneer 8 
cosmic-ray telescope (E > 60 MeV) against those of the 
Mt. Washington neutron Monitor during three Forbush 
decreases in 196 8. The value of a, with standard error 
of estimate, is shown for each event.
Figure D3. Monthly average rates of the Pioneer 8 telescope 
against those of the Mt. Washington monitor for correspon­
ding days between December, 1967 and December, 196 8.
Figure D4. Daily average counting rates of the Kula 
neutron monitor as a function of the rates for the Mt. 
Washington monitor during three Forbush decreases in 1968.
Figure D5. Monthly average counting rates of the Kula 
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